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Abstract
Thermal cracking is an industrial process sensitive to both temperature and pressure oper-
ating conditions. The use of internally ribbed reactors is a passive method to enhance the
chemical selectivity of the process, thanks to a signiﬁcant increase of heat transfer. However,
this method also induces an increase in pressure loss, which is damageable to the chemical
yield and must be quantiﬁed. Because of the complexity of turbulence and chemical kinetics,
and as detailed experimental measurements are diﬃcult to conduct, the real advantage of
such geometries in terms of selectivity is however poorly known and diﬃcult to assess.
This work aims both at evaluating the real beneﬁts of internally ribbed reactors in terms
of chemical yields and at proposing innovative and optimized reactor designs. This is made
possible using the Large Eddy Simulation (LES) approach, which allows to study in de-
tail the reactive ﬂow inside several reactor geometries. The AVBP code, which solves the
Navier-Stokes compressible equations for turbulent ﬂows, is used in order to simulate thermal
cracking thanks to a dedicated numerical methodology. In particular, the eﬀect of pressure
loss and heat transfer on chemical conversion is compared for both a smooth and a ribbed
reactor in order to conclude about the impact of wall roughness in industrial operating con-
ditions. An optimization methodology, based on series of LES and Gaussian process, is
ﬁnally developed and an innovative reactor design for thermal cracking applications, which
maximizes the chemical yield, is proposed.
Keywords: Large Eddy Simulation, turbulent reacting ﬂow, reactor design, optimiza-
tion, Gaussian process, heat transfer, thermal cracking
Re´sume´
Le procédé de craquage thermique est un procédé industriel sensible aux conditions de tem-
pérature et de pression. L’utilisation de réacteurs aux parois nervurées est une méthode
permettant d’améliorer la sélectivité chimique du procédé en augmentant considérablement
les transferts de chaleur. Cependant, cette méthode induit une augmentation des pertes de
charge dans le réacteur, ce qui est dommageable pour le rendement chimique et doit être
quantiﬁé. En raison de la complexité de l’écoulement turbulent et de la cinétique chimique,
le gain réel oﬀert par ces géométries en termes de sélectivité chimique est toutefois mal connu
et diﬃcile à estimer, d’autant plus que des mesures expérimentales détaillées sont très rares
et diﬃciles à mener.
L’objectif de ce travail est double: d’une part évaluer le gain réel des parois nervurées
sur le rendement chimique; d’autre part proposer de nouveaux designs de réacteurs oﬀrant
une sélectivité chimique optimale. Ceci est rendu possible par l’approche de simulation
numérique aux grandes échelles (LES), qui est utilisée pour étudier l’écoulement réactif à
l’intérieur de diverses géométries de réacteurs. Le code AVBP, qui résout les équations
de Navier-Stokes compressibles pour les écoulements turbulents, est utilisé pour simuler le
procédé grâce à une méthodologie numérique adaptée. En particulier, les eﬀets des pertes de
charge et du transfert thermique sur la conversion chimique sont comparés pour un réacteur
lisse et un réacteur nervuré aﬁn de quantiﬁer l’impact de la rugosité de paroi dans des con-
ditions d’utilisation industrielles. Une méthodologie d’optimisation du design des réacteurs,
basée sur plusieurs simulations numériques et les processus Gaussiens, est ﬁnalement mise
au point et utilisée pour aboutir à un design de réacteur de craquage thermique innovant,
maximisant le rendement chimique.
Mots cle´s: Simulation aux grandes échelles, écoulement turbulent réactif, design de
réacteur, optimisation, processus Gaussien, transfert thermique, craquage thermique
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1.1 Context
Crude oil, also known as petroleum, is a naturally occurring liquid is a mixture of hydro-
carbons and other organic compounds. It is a fossil fuel formed from fossilized organic
materials, such as algae and plankton, buried beneath the Earth’s surface at high tempera-
ture and pressure conditions. The main interest of oil is the large amount of energy that can
be extracted from it and it plays an important role in today’s society, including economy,
politics and technology. Oil not only includes ”energy carriers” such as fuel oil and gasoline,
but is also the raw material for many chemical products, such as plastics, fertilizers, solvents
and medications.
Fig. 1.1.1 shows the distribution of proven oil reserves in the world. According to the Or-
ganization of the Petroleum Exporting Countries (OPEC), the highest oil reserves in 2017
are located in Venezuela (25 %), in Saudi Arabia (22 %), in Canada (13 %) and in Iran
(13%) [1]. Oil constitutes the largest source of energy consumed in the world, as it accounts
to about one third of the world energy consumption and is essential for many activities
such as transportation and production of chemicals (see Fig. 1.1.2). The other main energy
sources are coal (about 25 %), natural gas (about 20 %), renewable energies (about 15 %)
and nuclear energy (about 5 %).
Today, the world is facing a signiﬁcant increase in the global energy demand. Between
years 2000 and 2014, the world energy demand rose by approximately 30%, with China
1
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Figure 1.1.1: Map of world proven oil reserves in 2013. Source: [2]
Figure 1.1.2: World total primary energy demand since 2000 and predictions from today to
2040 according to the New Policies Scenario from the International Energy Agency. Source:
[3]
accounting for half of this growth [4]. This is due to both the fast expansion of the world
population, which increased from 6.1 billion people in 2000 to 7.2 billion people in 2014, and
to the global improvement of the living conditions, as better living standards for hundreds
of millions of people require an increase in the energy consumption. For those reasons, the
world energy consumption is expected to keep increasing during the next decades. As oil,
natural gas and coal are non-renewable energy sources, energy consumption needs to be
limited and signiﬁcant changes in terms of energy production are coming.
In this context, improving the energy eﬃciency of industrial processes appears to be a
mandatory condition in order to reach a sustainable world energy consumption in the near
future. Since 2000, the world uses about 10 % less energy per unit of economic output.
Energy eﬃciency will play a huge role in slowing the growth of the global demand, as energy
use per unit of economic output is likely to fall by 40 % from 2016 to 2040 [4]. Despite a con-
stantly increasing world population, the International Energy Agency predicts an increase
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of the world energy demand by only 25 % between 2014 and 2040 [3], as shown in Fig. 1.1.2.
Even though oil, gas and coal are expected to remain the most important energy sources in
the coming decades, the use of natural gas and renewable energy sources are expected to
increase signiﬁcantly.
One of the most oil and natural gas consuming industry is the petrochemical industry, ac-
counting for 28 % of the industrial energy consumption in 2014. Petrochemicals are valuable
chemical compounds derived from oil such as ethylene and propene and are used to make
many products such as plastics, textiles, ﬁbers or resins. Fig. 1.1.3 illustrates the chemical
transformations occurring in the petrochemical industry from the feedstock to some major
industrial products. As petrochemicals constitute the basis of many everyday life prod-
ucts, their production is expected to increase signiﬁcantly in the coming years, as shown in
Fig. 1.1.4, and the energy consumption of the chemical sector is expected to increase by 40 %
between 2016 and 2040. For this reason, improving the energy eﬃciency of the petrochemical
processes is a major challenge for the years to come and would result in signiﬁcant energy
savings.
Figure 1.1.3: Major products obtained from the petrochemical industry. Source: [5]
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Figure 1.1.4: North America petrochemicals market revenue by product, in million of tons.
Source: [6]
1.2 Thermal cracking
A major process of the petrochemical industry is thermal cracking. Thermal cracking is the
process of taking the less valuable fractions of crude oil (feedstock) and convert them into
lighter, more valuable products (basic chemicals) under high temperature and low pressure
conditions. In particular, one purpose of cracking is to produce light unsaturated oleﬁns
such as ethylene (C2H4), which is the largest raw material for many petrochemicals, from a
wide range of hydrocarbon feedstock such as propane, butane or naphtha. Cracking plants
are notably composed of furnaces, as shown in Fig. 1.2.1a.
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(a) Representation of a typical cracking furnace. (b) Cracking reactor coils. Source: [7]
Figure 1.2.1: Reactor coils in the cracking furnace.
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The feedstock is ﬁrst injected into tubular reactor coils (see Fig. 1.2.1b), mixed with
dilution steam and preheated until reaching a temperature of 800 K to 900 K in the con-
vection section, located at the top of the furnace. In this section, energy is transmitted to
the hydrocarbon mixture by convective heat exchange from the hot ﬂue gas ﬂowing between
the coil. The convection section is designed in order to increase the process gas temperature
and evaporate a potential liquid fraction of the feedstock without inducing chemical conver-
sion. Then, the process gas is transmitted to the radiant section of the furnace. Thermal
cracking occurs in the radiant section of the furnace, where heat is provided to the reactor
coils, thanks to burners usually ﬁred with natural gas. The temperature of the reactor wall
is increased primarily due to the thermal radiation from the hot ﬂue gases and the walls of
the furnace. Heat is transmitted to the process gas due to conduction through the coil walls,
and through internal convection. Fig. 1.2.2 shows the various heat transfer mechanisms oc-
curring in the radiant section. The remaining heat from the ﬂame is used in the convection
section of the furnace, to evaporate the liquid hydrocarbon feed, produce overheated steam
and overheat the hydrocarbon-steam mixture before injecting it in the coil running through
the radiant section.
Flame and
gas radiation
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Figure 1.2.2: Illustration of the various heat transfer mechanisms occurring in the radiant
section of the furnace. Adapted from [8].
During the thermal cracking process, oleﬁns are produced by heating the feedstock made
of hydrocarbons such as ethane (C2H6), propane (C3H8), butane (C4H10), naphtha or gas
oils, leading to the thermal decomposition of large molecules into lighter ones. Thermody-
namic equilibrium favors the formation of oleﬁns only at high temperature and low pressure.
Typical reactor coil outlet temperatures are in the range of 1060 K to 1160 K and the pres-
sure is typically in the range 1.7 to 2.4 bar. The hydrocarbon partial pressure is also lowered
by the presence of dilution steam in the reactor. Moreover, a high selectivity is achieved by
operating with a very short residence time, usually between 0.1 and 0.5 second. Chemical
reactions inside the reactors are highly endothermic. As the residence time in the process
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tube is very short, a high heat ﬂux is required to maintain the temperature at a suﬃcient
level for the reactions to occur. Consequently, heat transfer enhancement techniques play an
important role in the thermal eﬃciency of the system, and energy savings can be achieved
if more energy is absorbed by the process gas using the same ﬁring power.
Inside the cracking reactors, the temperature distribution is not homogeneous and the
tube skin temperature reaches very high values in the range 1275-1375 K [9]. Those very high
temperatures in the near wall region promotes undesired chemical reactions and coke, a car-
bonaceous compound, is progressively deposited on the inner surface, as shown in Fig. 1.2.3.
Coke has poor thermal conductivity, and both the pressure loss and the wall temperature in
the reactors increase during the cracking process as the coke layer becomes thicker. Critical
operating conditions are reached, either when the inlet pressure limit is reached or the coil
temperature does not respect the coil material integrity, the thermal cracking process must
be stopped for decoking. Decoking is a time consuming operation, which consequently has
an important cost as it reduces the production. For this reason, coking phenomena must
be limited despite important operating temperature. As enhanced convective heat transfer
inside the reactor leads to a more homogeneous temperature distribution of the process gas,
heat transfer enhancement techniques also reduce the coke formation at the reactor wall and
induce a longer run length of the process. Limiting coke deposition then constitutes a second
reason to enhance the heat transfer eﬃciency inside the reactors.
Figure 1.2.3: Deposit of coke inside a cracking reactor. Source: [10].
Providing artiﬁcial roughness in the inner surface of tubes is one passive method of heat
transfer enhancement which increases the convective heat transfer and, in contrast to active
methods, does not require a direct application of external power. Diﬀerent kinds of artiﬁcial
roughnesses are widely used in various industrial applications and rough walled reactors con-
stitute a promising technology for improvement of the thermal eﬃciency of cracking plants.
However, this method also increases the pressure loss inside the reactor, which can be detri-
mental for the oleﬁn production and the energy eﬃciency of the system, and which should
be limited. In the next section, diﬀerent artiﬁcial roughened heat exchangers are introduced.
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1.3 Use of artificial roughness for heat exchanger ap-
plication
Vicente et al. [11] distinguished two main types of artiﬁcial roughness for heat exchangers:
• two-dimensional roughness, which includes transverse and helical ribs, helically corru-
gated tubes, swirling tubes and simple wire coil inserts;
• three-dimensional roughness, which includes discontinuous helical ribs, helically dim-
pled tubes and inserts with complex shapes.
Note that another roughness type illustrated in Fig. 1.3.1, sand-grain roughness, is often
classiﬁed as one-dimensional roughness as it is uniformly distributed on the surface and its
characteristics mostly depends on only one parameter: the mean size of the grains. The
inﬂuence of uniform sand-grain roughness in pipe ﬂows was investigated by Nikuradse [12].
Figure 1.3.1: Illustration of sand-grain roughness.
One of the main family of artiﬁcial two-dimensional roughness is the twisted tape inserts,
the typical shape of such inserts being illustrated in Fig. 1.3.2. This technology has the ad-
vantage of being easily implemented in classical smooth tubes and increases heat transfer
thanks to an enhanced turbulence and the induction of a swirling motion inside the tube.
The inserts are commonly included in the two-dimensional roughness category in the case
of plain twisted tape, as the shape of the inserts is changed with both the pitch of the helix
and its length. Kumar and Murugesan [13] reviewed the performances of many plain and
modiﬁed twisted tape inserts, in terms of heat transfer eﬃciency and pressure drop. Their
conclusion was that plain twisted inserts are more eﬃcient in laminar ﬂows than in turbulent
ﬂows, due to the important pressure drop induced by the geometry in turbulent ﬂows.
Figure 1.3.2: Shape of a plain twisted tape insert. Source: [13]
Other types of two-dimensional roughnesses can be characterized by two geometrical
parameters. The ﬁrst parameter usually is the height of the rough element e, the second pa-
rameter being the distance between two neighbor obstacles l in the case of transverse elements
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or the pitch p in the case of helical elements. Most ribbed tubes lie in the two-dimensional
roughness category, such as transverse ribs, single-started or multi-started helical ribs of dif-
ferent sizes and shapes. Wire coil inserts constitute another kind of two-dimensional rough-
ness, very similar to the helically ribbed tube but added on the inner surface of a smooth
tube. Corrugated tube is also close to the helically ribbed tube geometry, but results in a
mechanical deformation of the tube which is highly discouraged for cracking applications as
it weaken the structure. The wide variety of existing two-dimensional roughnesses for heat
exchanger applications is illustrated in Fig. 1.3.3.
(a) Transverse ribs. Source: [14] (b) Helical ribs. Source: [15]
(c) Helically corrugated. Source: [16] (d) Wire coil insert.Source: [17]
Figure 1.3.3: Diﬀerent types of 2D roughness.
Three-dimensional roughness allows more complex geometries on the inner surfaces of
the tube, making them very promising for an optimal shape of heat exchanger. Discontin-
uous helically ribbed tubes and helically dimpled tubes, illustrated on Fig. 1.3.4, are very
similar kinds of roughness, but the later is created from a mechanical deformation of the
tube which weakens the structure and makes its use discouraged for cracking applications.
These geometries are fully characterized by the rib shape, the rib pitch, the rib height and
the size and number of the discontinuities.
Finally, swirling ﬂow tubes are relatively new and currently studied shape of reactor
for cracking applications. If the inner surface of the tube is not artiﬁcially roughened, the
heat transfer enhancement comes from the swirling shape of the reactor itself, as shown on
Fig. 1.3.5.
A recent review of the heat transfer enhancement techniques is given by Maradiya et
al. (2018) [21]. The present study focuses on helically ribbed tube geometries, although
the addition of discontinuities in the rib is also investigated, leading to three-dimensional
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(a) Discontinuously ribbed tube. Source: [18] (b) Helically dimpled tube. Source: [19]
Figure 1.3.4: Diﬀerent types of 3D rougness.
Figure 1.3.5: Shape of a swirl ﬂow reactor. Source: [20]:
roughness.
1.4 The Mixing Element Radiant Tube (MERT) reac-
tor
Helically ribbed tubes are widely studied as a possible way of improvement for steam crack-
ing process. Fig. 1.4.1 shows examples of helically ribbed tubes from the Mixing Element
Radiant Tube (MERT) family technology, developed by KUBOTA [22]. Such coil geometries
are known to reduce the coke formation at the wall and provide a good trade-oﬀ between
heat transfer and pressure loss, variations of the rib shape, the rib height and the rib pitch
lead to a wide range of possible geometries, such as the normal MERT tube presented in
Fig. 1.4.1a. Moreover, including discontinuities in the rib is currently studied as a possible
way to reduce the pressure losses in the reactor without heat transfer reduction, leading to
better performance and a more complex design process, as shown in Fig. 1.4.1b.
Based on numerical simulations and experimental results [18,23,24], Kubota claims signif-
icant heat transfer improvement in the MERT reactors when compared to a smooth tubular
reactor, typically 1.2 to 1.5 times higher, leading to a more homogeneous mixture in terms of
temperature and composition. The coke deposit is decreased as the reactor skin temperature
is reduced, leading to longer run length. The increase in pressure loss is estimated to be 2
to 4 times higher than in a smooth reactor.
The MERT technology is still evolving and new geometries for cracking coils are con-
stantly designed and tested, leading to the progressive increase in the reactor performances.
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(a) Normal MERT (b) Slit-MERT (Below) & X-MERT (Upper)
Figure 1.4.1: Some cracking reactors from the MERT technology. Source: [22]
Finding an optimal internal geometry for cracking coils that maximizes the product yield
however requires a complete understanding of the physical phenomena of turbulent ﬂows in
roughened tubes, which makes the task diﬃcult. Moreover, the complexity of the cracking
mechanisms and of the coking process needs to be taken into account in the design process,
which requires expensive measurements in pilot plants or expensive numerical simulations.
For these reasons, the real beneﬁts of artiﬁcial roughness in terms of chemical selectivity
remains poorly known and needs to be assessed.
1.5 Aim of the work
The selection of an optimal internal geometry for cracking coil is today a scientiﬁc challenge
because of the complexity of the chemical process and the diﬃculty to investigate a wide
range of diﬀerent geometries. The main objective of the present work is to ﬁnd a new and
innovative coil geometry which optimizes the energy eﬃciency of cracking furnaces thanks
to an enhanced heat transfer eﬃciency at the reactor wall while limiting the pressure losses
damageable to the ethylene production and reducing the coking phenomena. This optimiza-
tion of the reactors design, allowing greater chemical conversion for similar ﬁring power,
would represent a signiﬁcant energy saving for petrochemical industry.
If turbulent ﬂow in smooth tube is a classical academic case, well documented and inves-
tigated through experimental and numerical researches, fewer studies investigate turbulent
ﬂows in pipes with artiﬁcial roughness such as ribbed tubes. Moreover, the wide variety
of possible roughened tube geometries makes diﬃcult the experimental investigation, the
production and instrumentation costs limiting the measurements. In this context, numerical
simulation appears as an interesting tool to investigate turbulent ﬂows in roughened tubes.
In the present work, the optimization of the internal geometry of coils for steam-cracking
applications is investigated by use of high-ﬁdelity numerical simulation, with the following
objectives:
• to develop and validate a numerical methodology for the simulation of the cracking
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process at realistic computational cost,
• to understand the dynamic properties and the heat transfer phenomena of the turbulent
wall ﬂow in ribbed tubes,
• to understand the impact of inner roughness on the cracking reaction network,
• to optimize the inner geometry of the cracking coils based on several numerical simu-
lations and a robust optimization algorithm.
1.6 Outline
This manuscript is divided into three main parts and organized as follow:
Chapter 1: Introduction
Presentation of the industrial context.
PART I: Turbulent flows for cracking applications: bibliographic review
• Chapter 2: Turbulent flows in smooth pipes
The bibliographic review starts with an introduction to turbulent ﬂows, presenting the
ﬂow equations and several methods for modeling turbulence. In a second section, the
speciﬁcities of ﬂows over a smooth wall are detailed, introducing the notions of friction
and heat transfer, which are of primary importance for steam cracking applications.
In particular, ﬂows in smooth pipes are presented, paving the way to ﬂows in cracking
reactors. Finally, correlations from the literature for both friction factor and heat
transfer eﬃciency in smooth tubes are listed.
• Chapter 3: Turbulent flows in roughened pipes
Chapter 3 extends the literature review to ﬂows in internally roughened tubes. The
interest of roughened walls for turbulent heat exchanger applications is ﬁrst reminded
and is illustrated with the simple case of uniform sand-grain roughness. Then, as this
work focuses on ribbed tubes for cracking applications, experimental measurements
of ﬂows over ribbed walls are presented and special attention is given to friction and
heat transfer in ribbed tubes. The third section deals with numerical simulations
of turbulent ﬂows in pipes including transverse ribs and in pipes including helical
ribs. The chapter ends with a review on geometrical optimization of heat exchangers,
introducing some performance criteria and justifying the current need for high ﬁdelity
simulations for the optimization of heat exchanger designs.
• Chapter 4: Chemical production in cracking coils
Chapter 4 terminates the literature review with the chemical production in cracking
coils. The diﬀerent chemical mechanisms driving thermal cracking are ﬁrst presented,
providing the reader a global understanding of the cracking process. As this work
focuses on the pyrolysis of butane, special attention is paid to the butane cracking
chemistry. Coke formation in cracking coils is also broached, as it is one of the major
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concern of steam cracking process. Finally, the literature review ends with a brief
history of numerical simulations of the steam cracking process.
PART II: Butane cracking in smooth and ribbed reactors
• Chapter 5: LES of non-reacting flows in ribbed tubes
To characterize the turbulent ﬂow behavior inside artiﬁcially roughened reactors, the
simulation of a heated and non-reacting ﬂow in a ribbed tube is performed, using a
periodic approach. The simulation is compared to detailed experimental measurements
conducted at VKI in order to assess the accuracy of the numerical methodology. Special
care is paid to the pressure loss and the heat transfer at the wall, those parameters being
of primary importance for steam cracking applications. A comparative study with ﬂows
in smooth tubes is also proposed to assess the advantage of artiﬁcial roughness for heat
exchanger applications.
• Chapter 6: Methodology for unsteady reactive simulations in periodic do-
mains
A speciﬁc numerical methodology based on periodic domains is developed and tested
for the simulation of unsteady reacting ﬂows. Indeed, the use of such methodology
is required to reduce the computational cost associated to the simulation of thermal
cracking process. A discussion about the idea behind the periodic approaches to sim-
ulate spatial reacting ﬂows is proposed in Chapter 4. After the presentation of the
ﬂow equations, a ﬁrst study about ﬂow establishment in a periodic domain of a non-
reactive mixture is proposed. Then, in order to validate this numerical methodology,
both spatial and periodic simulations of a smooth reactor including a reaction network
are performed at the exact same operating conditions. Detailed comparison of the
ﬂow in terms of dynamics, thermal behavior and chemical composition is presented
before conclusions are drawn about the periodic methodology. Finally, a study about
the ﬂuid residence time is shown in order to explain the observed diﬀerences between
spatial and periodic simulations.
• Chapter 7: Simulation of butane cracking in ribbed and smooth reactors
In chapter 7, a detailed chemical mechanism is ﬁrst reduced to be included in LES
of turbulent reactors to accurately predict the behavior of butane cracking process in
both smooth and ribbed reactors. The ﬂow dynamics and the thermal behavior in both
reactor geometries are ﬁrst studied. Then, a comparison of the chemical reactions and
the species production is presented, leading to ﬁrst conclusions about the performances
of each reactor geometry at similar operating conditions.
PART III: Optimization
• Chapter 8: Heat exchanger optimization
The method used for the geometrical optimization of reactors is presented in this
chapter. A ﬁrst optimization procedure based on series of numerical simulations and
Gaussian process is proposed. This optimization relies on steady, heated and non-
reacting simulations, and focuses on the pressure loss and the heat transfer related to
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various geometries of ribbed reactor. The ﬂow in the optimal heat exchanger geometry
is studied in more details.
• Chapter 9: Reactor optimization of butane cracking
The ﬁnal chapter presents the methodology for the optimization of steam-cracking
reactors, including the chemical reaction network. The optimal heat exchanger geom-
etry found in the previous chapter is ﬁrst investigated in industrial, reacting operating
conditions in order to assess its performances. In the second section, a speciﬁc method-
ology is introduced and used due to the very important computational cost associated
to reacting simulations. The optimal ribbed tube geometry for cracking application
is investigated in details to highlight the advantage of this reactor for steam-cracking
process. Conclusions are ﬁnally drawn about the impact of reactor design on oleﬁn
yield.
Chapter 10: Conclusions and perspectives
The manuscript ends with conclusions and perspectives for this project.
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Turbulent flows for cracking
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Chapter 2
Turbulent flows in smooth pipes
Turbulent ﬂows in smooth channels or pipes are commonly encountered in a
large variety of industrial processes, and have been extensively studied for many
years [25–35]. One of the main advantage of turbulent regime is the increase
of the heat transfer from the wall to the ﬂuid, which is of great importance for
heat exchanger applications. This work dealing with turbulent pipe ﬂows, general
information about ﬂow in pipes are presented in this chapter.
The chapter begins with a general description of turbulent ﬂows. After a short
introduction to turbulence, the closure of the governing equations using turbulence
models is presented. The second section deals with the speciﬁcities of wall bounded
ﬂows, and particular attention is paid to turbulent ﬂows in smooth pipes. The last
section presents experimental measurements of turbulent ﬂows in smooth pipes and
introduces correlations for the prediction of friction and heat transfer eﬃciency.
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2.1 Turbulent flow
2.1.1 Governing equations of compressible reacting flows
The governing equations to solve compressible and reacting ﬂows are the total mass (Eq. (2.1.1)),
the species (Eq. (2.1.2)), the momentum (Eq. (2.1.3)) and the energy (Eq. (2.1.4)) conser-
vation laws.
∂ρ
∂t
+
∂(ρui)
∂xi
= 0, (2.1.1)
∂(ρYk)
∂t
+
∂(ρ(ui + Vk,i)Yk
∂xi
= ω˙k, (2.1.2)
∂(ρui)
∂t
+
∂(ρuiuj)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
+ ρ
N∑
k=1
Ykfk,j, (2.1.3)
∂(ρet)
∂t
+
∂(ρuiet)
∂xi
= − ∂qi
∂xi
− ∂(pui)
∂xi
+
∂(τi,jui)
∂xj
+ Q˙+ ρ
N∑
k=1
Ykfk,i(ui + Vk,i) (2.1.4)
These equations are also called the Navier-Stokes equations after the mathematician
Henri Navier and the physicist Georges Gabriel Stokes, who participated in their elabo-
ration. They are here presented in Cartesian coordinates using the conventional Einstein
notation.
In Eq. (2.1.1), xi and ui are the ith spatial coordinate and the ith component of velocity
respectively, and ρ is the ﬂuid density. For multi-species ﬂows, Eq. (2.1.2) represents the
mass conservation equation of species k, where Yk is the mass fraction of species k, Vk,i
is the ith component of the diﬀusion velocity Vk of species k and ω˙k is its production rate.
Evaluating the diﬀusion velocity requires binary mass diﬀusion coeﬃcients Dk,l for all species
k into all species l. As the exact computation of diﬀusion velocities is a diﬃcult and costly
task, the problem is often simpliﬁed using the Hirschfelder and Curtiss approximation [36],
which reads:
VkXk = −Dk∇Xk with Dk = 1− Yk∑
l 6=kXl/Dk,l
(2.1.5)
where Xk is the molar fraction of species k and Dk a diﬀusion coeﬃcient of species k into
the rest of the mixture. The modeling of Dk and of the production rate ω˙k in this work are
presented in Chapter 7. Note that, due to the total mass conservation, the sum of all species
reaction rates and the sum of all species diﬀusions are zero:
N∑
k=1
ω˙k = 0, (2.1.6)
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N∑
k=1
YkVk,i = 0 (2.1.7)
In the momentum conservation equation (Eq. (2.1.3)), p is the static pressure, fk,j is the
volume force acting on species k in the direction j and τij is the viscous stress tensor:
τij = −23µ
∂uk
∂xk
δij + µ
(
∂ui
∂xj
+
∂uj
∂xi
)
(2.1.8)
where µ is the dynamic viscosity of the ﬂuid (µ = ρν, with ν the kinematic viscosity), and
δij is the Kronecker symbol (δij = 1 if i = j, 0 otherwise).
Finally, Eq. (2.1.4) is the energy conservation equation, written with the total energy et.
Q˙ is the heat source term and the energy ﬂux qi is deﬁned as:
qi = −λ ∂T
∂xi
+ ρ
N∑
k=1
hkYkVk,i (2.1.9)
where T is the ﬂuid temperature, λ is the thermal conductivity of the ﬂuid and hk is the
total enthalpy of species k.
In this work, the Navier-Stokes equations are closed using the perfect gas state equation:
p = ρ
R
W
T (2.1.10)
with the perfect gas constant R = 8.314 J.mol−1.K−1, and W being the mean molecular
weight of the mixture.
2.1.2 Turbulence modeling
Turbulence is a natural regime of viscous ﬂows, characterized by an apparent random and
chaotic behavior of the ﬂow structures. Although turbulence is a complex phenomenon, the
accepted underlying mechanism was identiﬁed in 1941 by Kolmogorov [37] who theorized the
idea of the energetic cascade of turbulence. This energy cascade is illustrated in Fig. 2.1.1,
where the energy of turbulence E(κ) is expressed as a function of the wavenumber κ. The
turbulent kinetic energy is produced by the largest turbulent structures, i.e. structures as-
sociated to the small values of κ. Their characteristic size l0 is called the integral scale and
is related to the mean ﬂow geometry. The turbulent energy is transmitted to smaller turbu-
lent scales by stretching of the largest eddies, leading to the formation of smaller coherent
structures. Finally, the smallest eddies of the ﬂow, corresponding to the largest values of κ
and of characteristic size κη called the Kolmogorov scale, dissipate the turbulent energy by
viscous eﬀect.
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Diﬀerent approaches may be used to solve the turbulent ﬂow equations (Eq. (2.1.1)
to (2.1.4)). The Direct Numerical Simulation (DNS) approach solves them on all ﬂuid
scales, which induces a very good accuracy of the result but also high computational cost.
Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS) simulation ap-
proaches model the turbulence on the smallest ﬂuid scales only (LES) or on all scales (RANS).
The energy spectrum associated to the diﬀerent ﬂuid scales is illustrated in Fig. 2.1.1. All
three approaches are described in more details hereafter.
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Figure 2.1.1: RANS, LES and DNS approaches in the turbulent energy spectrum. Adapted
from: [38].
The Reynolds number
In ﬂuid mechanics, the Reynolds number (noted Re) is the dimensionless quantity used
to characterize the level of turbulence in a ﬂuid ﬂow. It was ﬁrst introduced by Stokes
in 1851 [39] and later popularized by Reynolds in 1883 [40, 41]. It is deﬁned by the ratio
between the inertial forces and the viscous forces in the ﬂuid, and reads:
Re =
LU
ν
(2.1.11)
with L a characteristic length representative of the largest turbulent scales of the ﬂow and U
a characteristic velocity of the ﬂow. For pipe ﬂows, L is usually deﬁned as the inner diameter
of the pipe and U as the bulk ﬂow velocity. A turbulent ﬂow corresponds to inertial forces
dominant over viscous forces, and therefore to a high Reynolds number (typically Re > 4000
in pipe ﬂows). It is usually considered that when Re < 2000, the ﬂow is completely laminar
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due to dominant viscous forces.
The larger the Reynolds number, the wider the range of turbulent scales. For this reason,
simulating ﬂows with high Re (typically higher than 10, 000) requires a huge number of grid
points in order to accurately simulate the whole range of turbulent scales. The choice of a
numerical approach to solve the Navier-Stokes equations (RANS, LES or DNS) depends on
the capacity of the available turbulence models to accurately describe the ﬂow, but also on
the computational power aﬀordable and on the ﬂow Reynolds number.
DNS
DNS aims to solve the whole range of turbulent scales, from the most energetic ones to
the most dissipative ones, as illustrated in Fig. 2.1.1. As a consequence, a very ﬁne mesh is
required to describe the Kolmogorov dissipation scale, while the computational domain must
be suﬃciently large to correctly represent the large scales of the ﬂow. The total grid point
number required to perform a DNS is then proportional to the ratio of the largest to the
smallest scale, and some estimations can be found in [42]. For DNS of turbulent boundary
layers, the required number of grid points was ﬁrst estimated to Re9/4 by Moin [43], and
more recently estimated to Re37/14 by Choi and Moin [44] using more accurate correlations
of the skin friction coeﬃcients and boundary layer thickness. A review of DNS of turbulent
ﬂow studies may be found in [45].
Due to its high computational cost, DNS is still today limited to simple geometries, most
of the use aiming at understanding fundamental processes and mechanisms in the academic
world. Still, with the increasing computational power, more complex geometries begin to be
studied with DNS. Nevertheless, it is far from being an option in the industrial context and
won’t be considered in the present work.
RANS
The RANS approach model all the range of turbulent scales by solving statistically and time
averaged ﬂow quantities. Therefore, it is much less expensive in terms of computational
cost than DNS, and is commonly used by engineers for the simulation of large and complex
conﬁgurations. In constant density ﬂows, the Reynolds average of a quantity is deﬁned as:
φ = φ+ φ′ (2.1.12)
with φ the average and φ′ the ﬂuctuating components of φ respectively. Usually, in reacting
ﬂows with high density changes, Favre-averaged quantities are preferred:
φ = φ˜+ φ′′ (2.1.13)
where the Favre averaged component is deﬁned by [46]:
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φ˜ =
ρφ
ρ
(2.1.14)
with the ﬂuctuating part φ′′ satisfying:
φ˜′′ = 0 (2.1.15)
Substituting Eq. (2.1.14) into the ﬂow equations (Eq. (2.1.1) to (2.1.4)) leads to a mass-
weighted time averaging of the equations:
∂ρ
∂t
+
∂(ρu˜i)
∂xi
= 0, (2.1.16)
∂(ρY˜k)
∂t
+
∂(ρu˜iY˜k)
∂xi
= −∂(Vk,iYk + ρu˜
′′
i Y
′′
k )
∂xi
+ ω˙k, (2.1.17)
∂(ρu˜i)
∂t
+
∂(ρu˜iu˜j)
∂xi
= − ∂p
∂xj
+
∂(τij − ρu˜′′i u′′j )
∂xj
+ ρf˜i, (2.1.18)
∂(ρe˜t)
∂t
+
∂(ρu˜ie˜t)
∂xi
= −∂(u˜ip)
∂xi
− ∂(qi + qi
t)
∂xi
+
∂(u˜j(τij − ρu˜′′i u′′j ))
∂xi
+ ρu˜jfj (2.1.19)
where the three unknowns to be modeled are the turbulent Reynolds stress tensor −τij t =
−ρu˜′′i u′′j , the turbulent species ﬂux ρu˜′′i Y ′′k and the turbulent heat ﬂux qjt = −Cpρ〈u′′jT ′′〉.
The turbulent Reynolds stress tensor is usually described in a similar expression as for
τij (Eq. (2.1.8)) [47]:
−τij t = −23µt
∂u˜k
∂xk
δij + µt
(
∂u˜i
∂xj
+
∂u˜j
∂xi
)
− 2
3
ρk (2.1.20)
introducing the turbulent dynamic viscosity µt (µt = ρνt, where νt is the turbulent kinematic
viscosity) and the turbulent kinetic energy (TKE) k:
k =
1
2
3∑
k=1
u˜′′ku
′′
k (2.1.21)
To estimate the turbulent viscosity µt, multiple approaches have been proposed of vari-
ous complexity [47]: zero-equation models (e.g., Prandtl mixing length model), one-equation
models (e.g., Prandtl-Kolmogorov) and two-equations models (k − ǫ, k − ω, etc...).
One of the most commonly used RANS model is the k − ǫ model [48]. In this case, µt
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reads:
µt = ρ¯Cµ
k2
ǫ
(2.1.22)
with Cµ a model constant usually taken equal to 0.09 and ǫ the dissipation rate of the
turbulent kinetic energy k. The determination of k and ǫ is done through two balance
equations:
∂(ρ¯k)
∂t
+
∂(ρ¯u˜ik)
∂xi
=
∂
∂xi
[(
µ+
µt
σk
)
∂k
∂xi
]
+ Pk − ρ¯ǫ (2.1.23)
∂(ρ¯ǫ)
∂t
+
∂(ρ¯u˜iǫ)
∂xi
=
∂
∂xi
[(
µ+
µt
σǫ
)
∂ǫ
∂xi
]
+ Cǫ1
ǫ
k
Pk − Cǫ2ρ¯ ǫ
2
k
(2.1.24)
with the model constants usually set to: σk = 1.0, σǫ = 1.3, Cǫ1 = 1.44, Cǫ2 = 1.92. The
term Pk is ﬁnally computed from:
Pk = −ρ¯u˜′′i u′′j
∂u˜i
∂xj
(2.1.25)
Although this model is popular due to its relative simplicity, it relies on strong assump-
tions and is not very accurate for some speciﬁc ﬂows (low Reynolds number, anisotropic
turbulence, compressible ﬂows, etc...). Several variants of the k − ǫ model are available in
the literature to incorporate speciﬁc physical phenomena in the turbulence modeling.
The turbulent species ﬂux in Eq. 2.1.17 is generally closed using a gradient assumption
[47]:
ρu˜′′i Y
′′
k = −
µt
Sckt
∂Y˜k
∂xi
(2.1.26)
where Sckt is the turbulent Schmidt number for species k.
Finally, the turbulent heat ﬂux qjt is modeled using a turbulent thermal conductivity
λt = νtCp/Prt deﬁned from a turbulent Prandtl number Prt [38], as:
qj
t = −λt ∂T˜
∂xj
(2.1.27)
RANS leads to low computational cost, and for this reason is widely used in industry.
However, RANS has several drawbacks which limit its capabilities. First, as the RANS
approach models all the turbulent scales, especially the largest ones which depend on the
geometry, RANS can correctly reproduce these large scales only if it has been pre-calibrated
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on a similar conﬁguration. Second, it only gives access to a mean steady solution, being
unable to study transient phenomena. For those reasons, RANS is not considered in the
current work.
LES
As an intermediate approach between RANS and DNS, LES is increasingly used to investi-
gate turbulent ﬂows as a good trade-oﬀ between computational cost and accuracy. It relies
on the ﬁltering of the ﬂow equations in spectral space or in physical space, so that the most
energetic part of the ﬂow is directly resolved while the smallest scales (with the lowest en-
ergy) are modeled. The assumption behind LES is that the range of turbulent length scales
can be divided into two parts:
• a high energy anisotropic large scales range, larger than the ﬁlter length scale,
• a low energy and dissipative isotropic small scale range, smaller than the ﬁlter length
scale.
LES is usually more predictive than RANS because the small scales that are modeled
tend to be more isotropic and homogeneous than the large ones, and thus more amenable
to universal modeling [49]. Compared to DNS, LES does not imposes the same resolution
requirements, leading to a less important computational cost. LES has the capability to
handle complex geometries with unstructured meshes, making it an interesting tool for in-
dustrial applications. For those reasons, LES is used in the present work. Recent examples
of reviews of LES can be found in Meneveau & Katz (2000) [50] and Zhiyin (2015) [51].
In practice, the ﬁlter is simply the computational grid and the modeled scales are the
sub-grid scales (SGS), i.e. scales smaller than the cell size. LES of compressible ﬂow also
uses the Favre ﬁltering, introduced as [47]:
ρφ˜(x1, x2, x3) = ρφ˜(x) =
∫
ρφ(x′)F (x− x′)dx′ (2.1.28)
where F is the LES ﬁlter and xi is the ith spatial coordinate. Then, it is possible to write
any variable φ as:
φ = φ˜+ φ′′ (2.1.29)
where φ˜ is the quantity resolved in the simulation and φ′′ is the unresolved part to be modeled.
Note that similar notations φ, φ˜, φ′ and φ′′ are introduced for both RANS and LES context.
In RANS context however, those quantities denote ensemble averaging while in LES they
correspond to ﬁltered quantities. Filtering ﬂow equations in LES leads to similar forms than
RANS (Eq. (2.1.16) to (2.1.19)), except for the turbulent Reynolds stress ρ(u˜iuj− u˜iu˜j), the
species ﬂuxes ρ(u˜iYk − u˜iY˜k) and heat ﬂuxes ρ(u˜iT − u˜iT˜ ):
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∂ρ
∂t
+
∂(ρu˜i)
∂xi
= 0,(2.1.30)
∂(ρY˜k)
∂t
+
∂(ρu˜iY˜k)
∂xi
= −∂(Vk,iYk + ρ(u˜iYk − u˜iY˜k))
∂xi
+ ω˙k,(2.1.31)
∂(ρu˜i)
∂t
+
∂(ρu˜iu˜j)
∂xi
=
∂p
∂xj
+
∂(τji + ρ(u˜iuj − u˜iu˜j))
∂xj
+ ρf˜i,(2.1.32)
∂(ρe˜t)
∂t
+
∂(ρu˜ie˜t)
∂xi
= −∂(u˜ip)
∂xi
+
∂(qj − Cpρ(u˜iT − u˜iT˜ ))
∂xi
+
(u˜i(τij − τ tij))
∂xi
+ ρu˜jfj,(2.1.33)
The Reynolds stress Tij = ρ(u˜iuj − u˜iu˜j) requires a SGS model. For example, the
Smagorinsky model [52] is one of the most simple and commonly used and writes:
Tij − δij3 Tkk = −2νt
(
S˜ij − δij3 S˜kk
)
(2.1.34)
with S˜ij the resolved strain rate tensor:
S˜ij =
1
2
(
∂u˜i
∂xj
+
∂u˜j
∂xi
)
(2.1.35)
and νt is the sub-grid scale viscosity, modeled as:
νt = (CS∆)2
(
2S˜ijS˜ij
)1/2
(2.1.36)
where CS is a model constant (usually CS = 0.09) and ∆ is the ﬁlter size (usually the local
grid size). Finally, the isotropic components of the Reynolds stress Tkk can be modeled using
the Yoshizawa expression [53]:
Tkk = 2CIρ∆2
(
2S˜ijS˜ij
)1/2
(2.1.37)
the constant CI being usually taken equal to 0.2.
It should be noted that the Smagorinsky turbulent model gives a non-zero value of
νt in the near wall region due to velocity gradients. However, the damping of turbulent
ﬂuctuations in the most viscous part of the boundary layer should lead to νt = 0 at this
location. For this reason, the Smagorinsky model is known to lead to a poor prediction
of the turbulent intensity in the near-wall region. The Wall-Adapting Local Eddy-viscosity
(WALE) model [54] was developed to reproduce the proper turbulent viscosity scaling at the
wall and depends both on the strain and the rotation rate of the turbulent structures. With
this model, the turbulent viscosity writes:
νt = (Cw∆)2
(
sdijs
d
ij
)3/2
(
S˜ijS˜ij
)5/2
+
(
sdijs
d
ij
)5/4 (2.1.38)
with:
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sdij =
1
2
(∂u˜i
∂xj
)2 (
∂u˜j
∂xi
)2− 1
3
(
∂u˜k
∂xk
)2
δij (2.1.39)
and Cw a model constant that depends on the ﬂow characteristics.
2.2 Wall bounded flow
The presence of walls is known to strongly impact the ﬂow dynamics as velocity reduces to
zero on the wall surface, inducing an important shear stress in the near-wall region. As a
consequence, the turbulent structures close to the walls are very diﬀerent from the bulk ﬂow
dynamics, and special care should be taken to simulate the ﬂow behavior when surrounded
by walls. Classical academic cases for the study of ﬂows over smooth walls are pipe ﬂows,
channel ﬂows and ﬂows over an inﬁnite plane. The near-wall behavior in these three cases is
very similar and has been extensively investigated throughout the history of turbulent ﬂow
studies [42, 55].
2.2.1 Boundary layer
In the immediate vicinity of a wall surface, viscous forces are signiﬁcant compared to inertial
forces as the ﬂuid velocity reduces to zero on the surface, which leads to the formation of
a boundary layer as ﬁrst deﬁned by Ludwig Prandtl [56]. The ﬂow ﬁeld can be divided
into two distinct areas: the boundary layer, close to the wall, and the outer layer, where
the eﬀects of viscosity can be neglected. Within the boundary layer, the ﬂow velocity in-
creases quickly with the wall distance, inducing important shear stress. If the boundary layer
greatly aﬀects the ﬂow dynamics, it is also the region where heat transfers between the solid
wall and the ﬂuid occurs. Consequently, from an industrial point of view, studying, under-
standing and modeling the aero-thermal ﬂow in the boundary layer is of primary importance.
The thickness of the boundary layer δ is commonly deﬁned as the distance from the solid
wall to the wall distance where the mean axial ﬂow velocity reaches 99 % of the far ﬁeld
velocity U0. For pipe and channel ﬂows, the centerline velocity Uc is commonly used to deﬁne
δ in the absence of a far ﬁeld ﬂow. An illustration of the boundary layer development over
a ﬂat plate is given in Fig. 2.2.1.
When the wall surface temperature is diﬀerent from the bulk ﬂow temperature, convective
heat transfer occurs between the solid body and the ﬂuid, leading to the development of a
thermal boundary layer. The thermal boundary layer thickness is similarly deﬁned with
the distance at which the temperature is 99% of the far ﬁeld temperature (or the centerline
temperature Tc in pipe or channel ﬂows). The ratio between the dynamic boundary layer
thickness and the thermal boundary layer thickness is governed by the Prandtl number Pr.
If Pr is greater than 1, the thermal boundary layer is thinner than the velocity boundary
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Figure 2.2.1: Sketch of a ﬂuid ﬂow over a ﬂat plate, with the development of the boundary
layer. Adapted from: [57].
layer. On the contrary, the thermal boundary layer is thicker than the velocity boundary
layer if Pr < 1. The Prandtl number Pr is then a dimensionless number representing the
ratio between momentum diﬀusivity (or kinematic viscosity ν) and thermal diﬀusivity. That
is deﬁned as:
Pr =
νρCp
λ
(2.2.1)
with λ the thermal conductivity of the ﬂuid in W.m−1.K−1 and Cp the heat capacity of the
ﬂuid in J.kg−1.K−1.
2.2.2 Dimensionless wall quantities
Because of the viscous forces being dominant over the inertial forces in the boundary layer,
the Navier-Stokes equations (Eqs. (2.1.1) to (2.1.4)) can be greatly simpliﬁed in this ﬂow re-
gion. To simplify the wall ﬂow description, a two-dimensional domain is considered, with the
streamwise direction and the wall-normal direction being noted x and y respectively. Under
the hypothesis of steady, time-averaged, incompressible and single-species ﬂow, Eq. (2.1.3)
reduces to:
∂(ρu2)
∂x
+
∂(ρu¯v¯)
∂y
= −∂p
∂x
+
∂τxy
∂y
(2.2.2)
with the total shear stress τxy in a turbulent wall ﬂow deﬁned as the sum of the mean viscous
stress and the Reynolds stress:
τxy = ρν
∂u
∂y
− ρu′v′ (2.2.3)
At the wall, the viscous stress is maximum and the Reynolds stress is equal to zero
because of the zero-velocity condition. The total wall shear stress τw reduces to:
τw = ρν
(
∂u
∂y
)
w
= ρν
(
∂u
∂y
)
y=0
(2.2.4)
The study of the boundary layer is commonly done using wall-scaled parameters. The
wall shear stress τw deﬁned in Eq. (2.2.4) may be re-written in units of velocity as shown
in Eq. (2.2.5) to introduce the friction velocity uτ , which is used to describe shear-related
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motion in moving ﬂuids.
uτ =
√
τw
ρ
(2.2.5)
In boundary layers, velocity proﬁles are then usually described using dimensionless ve-
locity u+ and dimensionless wall distance y+, both build from uτ :
u+ =
u
uτ
(2.2.6)
y+ =
uτy
ν
(2.2.7)
Similarly to the friction velocity deﬁned in Eq. (2.2.5), it is possible to deﬁne the friction
temperature as:
Tτ = − α
uτ
(
∂T
∂y
)
w
(2.2.8)
with α the thermal diﬀusivity of the ﬂuid (α = λ/(ρCp)). The dimensionless temperature
Θ+ is obtained by normalizing the temperature diﬀerence Tw−T by the friction temperature
Tτ :
Θ+ =
Tw − T
Tτ
(2.2.9)
2.2.3 Mean flow in the turbulent boundary layer
Velocity profile
The dimensionless wall distance y+ deﬁned in Eq. (2.2.7) can be viewed as a local Reynolds
number, and its magnitude can be viewed as the relative importance of the viscous forces
over the inertial forces. Then, it can be used to deﬁne the diﬀerent regions of the boundary
layer:
• Viscosity is known to be dominant below the wall distance y+ ≈ 5. In this region, the
velocity proﬁle follows the linear evolution:
u+ = y+ (2.2.10)
• At a wall distance y+ > 30, viscous eﬀects become negligible and the mean velocity
u+ is proportional to the logarithm of the distance from the wall:
u+ =
1
κ
ln(y+) +B (2.2.11)
where κ is the Von Karman constant usually taken equal to 0.41 and B is a constant,
which is approximately equal to 5.0 for smooth walls.
• Finally, a buﬀer layer connects the linear and logarithmic regions in the range 5 <
y+ < 30.
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Figure 2.2.2 illustrates the shape of the mean velocity proﬁle u+ in the boundary layer.
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Figure 2.2.2: Mean velocity proﬁle in wall units (M. Catchirayer, private communication).
Temperature profile
Similarly to the dimensionless velocity u+, the dimensionless temperature Θ+ deﬁned in
Eq. (2.2.9) can be expressed as a function of the wall distance y+.
The temperature proﬁle also shows a linear region and a logarithmic region, which are
both dependent on the Prandtl number. Then, the non-dimensional temperature proﬁle in
the linear region can be expressed as:
Θ+ = Pr y+ (2.2.12)
Contrary to for the velocity proﬁle, the wall distance of the transition between the linear
and logarithmic regions is dependent on the Prandtl. The logarithmic law for the tempera-
ture proﬁle reads:
Θ+ =
1
κΘ
ln(y+) + βΘ (2.2.13)
with the constants κΘ and βΘ also being dependent on the Prandtl. Their values are still an
open subject. It is shown experimentally by Gowen and Smith (1967) [31] and then validated
by the DNS of Redjem-Saad et al. (2007) [58] that κΘ remains almost constant over a large
range of Pr and y+. However, diﬀerent values are found in the literature, from κΘ = 0.34
for Pr = 0.71 in the DNS of Piller (2005) [59] to κΘ = 0.45 for Pr = 0.7 in the work of
Kays et al. (2005) [60]. According to Kays et al. [60] βΘ is more dependent on the Prandtl
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number, as suggested for ﬂows in circular tubes:
βΘ = 13.39 Pr2/3 − 5.66 (2.2.14)
Figure 2.2.3 shows non-dimensional temperature proﬁles for diﬀerent Prandtl numbers in
heated turbulent pipe ﬂows. The reduced temperature Θ+ increases with the Prandtl number
Pr for a given wall distance y+, reducing the thermal boundary layer thickness. Moreover,
the wall distance where the transition between the thermal linear region and the thermal
logarithmic region occurs also depends on the Prandtl number. Based on an extensive set
of experimental measurements, Kader [61] proposed the following law for the determination
of the beginning of the thermal logarithmic region:
y+ ≈ 12
Pr1/3
for Pr ≫ 1 (2.2.15)
y+ ≈ 30 for Pr ≈ 1 (2.2.16)
y+ ≈ 2
Pr
for Pr ≪ 1 (2.2.17)
Figure 2.2.3: Mean temperature proﬁle as a function of the wall distance in a heated turbulent
pipe ﬂow (Re = 5500). Source: [58].
In 1981, Kader [61] proposed the following semi-empirical law of the wall for the temper-
ature proﬁle in a tube ﬂow:
Θ+ = Pr y+exp(−Γ) +
(
2.12 ln
[
(1 + y+)
2.5 (2− y/δ)
1 + 4 (1− y/δ)2
]
+ βΘ
)
exp
(
− 1
Γ
)
(2.2.18)
where:
Γ =
10−2(Pr y+)4
1 + 5 Pr3 y+
(2.2.19)
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βΘ = (3.85 Pr1/3 − 1.3)2 + 2.12 ln(Pr) (2.2.20)
Note that Eq. 2.2.18 is valid for any value of y+, the ﬁrst term on the right hand side
accounting for the linear region and the second term on the right hand side accounting for
the logarithmic region, Γ(y+) being used for damping those terms depending on the distance
y+.
2.2.4 Wall friction
The wall shear stress τw deﬁned in Eq. (2.2.4) normalized by a reference kinetic energy gives
the Fanning friction factor f :
f =
τw
1
2
ρrefU2ref
(2.2.21)
with ρref and Uref reference density and velocity respectively.
If the Fanning friction factor is part of the most widely used, other deﬁnitions of the
friction factor can be used. For instance, the Darcy friction factor fD is by deﬁnition equal
to four times the Fanning friction factor f . Consequently, when using friction factors, at-
tention must be paid to the normalization used. In this work, following chemical engineer
convention, Fanning friction factors will be considered, unless otherwise speciﬁed.
Considering the steady, time-averaged momentum equation in a wall bounded domain
and integrating the equation over the domain inner volume V , the ﬂow in a channel or a
tube is shown to be driven by the pressure drop:
∂p
∂x
=
∫
S τwdS
V
(2.2.22)
where S is the inner surface of the wall bounded domain. The expression of p as a function
of τw then depends on the ratio between S and V . For a ﬂow between two inﬁnite plates,
Eq. (2.2.22) becomes:
∂p
∂x
= −τw
d
(2.2.23)
with d half of the distance between the two plates.
2.2.5 Wall heat transfer
Convective heat transfer
Convective heat transfer, which is often referred as convection, is the transfer of heat induced
by the movement of ﬂuids. It is a combinaison of heat conduction (heat diﬀusion through a
medium) and heat advection (heat transfer by macroscopic motion of the ﬂuid). Convection
is of primary importance when is comes to heated ﬂows, as it is usually the dominant
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mechanism of heat transfer in liquids and gases. Inside thermal cracking reactors, convective
heat transfer is considered as the main mode of heat transfer, neglecting thermal radiation.
As the convective heat transfer eﬃciency depends on the ﬂuid motion, its thermal properties
as well as the amount of heat provided, the heat transfer coeﬃcient h is often used to deﬁne
the ratio between the wall heat ﬂux and the thermodynamic driving force:
h =
qw
Tw − Tref (2.2.24)
where the reference temperature Tref in a wall bounded ﬂow is often chosen as the bulk
temperature:
Tb =
∫
V ρ u TdV∫
V ρ u dV
(2.2.25)
Nusselt number
The Nusselt number Nu is a dimensionless number representing the ratio of convective to
conductive heat transfer across the boundary in a wall bounded ﬂow. It is a measure of the
eﬃciency of the heat transfer in a ﬂuid. As conduction in a medium depends on its thermal
conductivity λ, the Nusselt number reads:
Nu =
hL
λ
(2.2.26)
with L a characteristic length of the computational domain. From Eq. (2.2.24), Nu can also
be expressed from the formula:
Nu =
qwL
λ(Tw − Tb) (2.2.27)
Stanton number
In forced convection ﬂows, the heat transfer eﬃciency may be characterized by the Stanton
number St, which is a dimensionless number representing the ratio of heat transferred into
a ﬂuid to its thermal capacity:
St =
h
ρrefUrefCp
(2.2.28)
The Stanton number can also be rewritten as a function of the Nusselt, Reynolds and
Prandtl numbers:
St =
Nu
Re Pr
(2.2.29)
2.2.6 Pipe flow
This section focuses on pipe ﬂows, which are of main interest in this work. If all wall bounded
ﬂows, i.e. ﬂows in pipes, in rectangular-section channels or over ﬂat plates, are known to
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exhibit a similar trend, especially in the near-wall region, some diﬀerences in the ﬂow topol-
ogy may be noticed [42]. In particular, if the mean statistics in the near-wall region are
very similar for pipe and channel ﬂows at large Reynolds numbers, the ﬂow over a ﬂat plate
exhibits some diﬀerences with the two other conﬁgurations [55].
Mean flow
For pipe ﬂow studies, bulk values are usually used as reference quantities, introducing the
bulk density ρb and the bulk velocity Ub as follows:
ρb =
1
V
∫
V
ρ dV (2.2.30)
Ub =
∫
V ρ ux dV∫
V ρ dV
(2.2.31)
where V is the inner volume of the tube. In pipe ﬂows, the Reynolds number already deﬁned
in Eq. (2.1.11) is usually computed from the pipe diameter D, the bulk density and the bulk
velocity, which leads to:
Re =
ρb Ub D
µ
(2.2.32)
Turbulent ﬂows in pipes are very commonly encountered in industrial conﬁgurations.
Figure 2.2.4 shows an establishing ﬂow in a pipe. After entering the tube from the entrance
region (left side of the sketch), viscous boundary layers progressively grow downstream, de-
creasing the axial velocity in the near-wall region and thereby accelerating the center core
ﬂow, which is a consequence of the mass conservation. At a ﬁnite distance from the entrance,
the boundary layers merge. The axial velocity proﬁle adjusts slightly farther, until no longer
changes with x are observed, leading to fully developed pipe ﬂow.
Figure 2.2.4: Developing velocity proﬁle in pipe ﬂow. Source: [62].
In the fully developed pipe ﬂow, the velocity proﬁle, the wall shear stress and the pres-
sure drop are constant. Although the entrance length of the tube is still an open discussion,
dimensional analysis show that the Reynolds number is the only parameter aﬀecting it [62].
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Only fully developed ﬂows are investigated in this section, but the reader might refer to
Durst et al. (2005) [63] for a review on the development length in pipes.
The mean streamwise velocity proﬁle in a fully developed ﬂow depends on the Reynolds
number, and typical streamwise velocity proﬁles for both a laminar and a turbulent fully
developed pipe ﬂow are shown in Fig. 2.2.5. In laminar regime, the velocity proﬁle is parabolic
whereas it exhibits a sharp drop near the wall in turbulent regime, ﬂattering the proﬁle in
the center region. Contrary to laminar ﬂows, the expression for the velocity proﬁle in a
turbulent ﬂow is based on both analysis and measurements, determining the constants from
experimental data. A usually good and simple approximation for the turbulent velocity
proﬁle is the power-law, expressed as:
u
uc
=
(
1− r
R
)1/n
(2.2.33)
with uc the streamwise velocity at the pipe center, r the radial distance to the pipe center,
R the pipe radius and n a constant parameter increasing with the Reynolds number and
determined experimentally. A value of n = 7 is appropriate for a many industrial ﬂows [64].
Figure 2.2.6 displays examples of power-law proﬁles with n = 6, 8 and 10, showing that
increasing n leads to a ﬂatter velocity proﬁle, representative of a higher turbulent intensity,
i.e. a higher Reynolds number. Note that, for symmetry reason, real mean streamwise veloc-
ity proﬁles should have a zero slope at the pipe center, which is not the case with a power-law
proﬁle. If the power-law proﬁle remains a good approximation of the ﬂow in the major part
of the pipe, it should not be used to estimate the ﬂow proﬁle near the pipe centerline.
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(a) Laminar flow (b) Turbulent flow
Figure 2.2.5: Mean streamwise velocity proﬁle in a fully developed pipe ﬂow. (a): Laminar
ﬂow and (b): Turbulent ﬂow. Source: [64].
Flow fluctuations
Instantaneous ﬁelds of streamwise velocity in a pipe ﬂow for diﬀerent Reynolds numbers
extracted from a DNS are shown in Fig. 2.2.7. In a turbulent ﬂow, instantaneous velocity
ﬁelds diﬀer greatly from the mean velocity ﬁeld, and the range of turbulent scales widens
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u/uc
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R
Figure 2.2.6: Various power-law velocity proﬁles for diﬀerent values of n, and comparison
with a parabolic laminar proﬁle. Source: [64].
with increasing Reynolds number.
The ﬂuctuations of the velocity component i in a developed pipe ﬂow are noted u′i. From
this parameter, the turbulent velocity is usually described in terms of the root-mean-square
(RMS) of velocity ﬂuctuations:
u′i,rms =
√
(u′i)2 (2.2.34)
Like for the dimensionless velocity u+ deﬁned in Eq. (2.2.6), RMS of velocity ﬂuctuations
can be normalized with the friction velocity uτ (Eq. (2.2.5)):
u
′+
i,rms =
u′i,rms
uτ
(2.2.35)
Measurements of normalized RMS of velocity ﬂuctuations from Laufer (1954) [66] are
shown in Fig. 2.2.8, for Reynolds numbers equal to 50, 000 and 500, 000. A peak in velocity
ﬂuctuation magnitude is observed in the near wall region for all velocity components. The
magnitude of velocity ﬂuctuations then slightly decreases toward the pipe center. It appears
from ﬂow measurements that normalized RMS of velocity ﬂuctuations are quite independent
from the Reynolds number in the pipe center region. In the near wall region, increasing the
Reynolds number leads to a more important peak of velocity ﬂuctuation magnitude located
closer to the wall. Streamwise velocity ﬂuctuations are found more important than radial
and azimuthal velocity ﬂuctuations.
It should be noted that for turbulent ﬂows with low to moderate Reynolds numbers
(5, 000 < Re < 25, 000), both measurements and numerical simulations show that the inﬂu-
ence of the Reynolds number on the ﬂow is slightly diﬀerent, in particular in the near wall
region [67,68].
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Figure 2.2.7: DNS of a turbulent pipe ﬂow. Instantaneous streamwise velocity ﬁelds normal-
ized by the bulk velocity for various Reynolds numbers. (a): Re = 5,300. (b): Re = 11,700.
(c): Re = 19,000. (d): Re = 37,700. Source: [65].
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Figure 2.2.8: Streamwise, radial and azimuthal RMS of velocity ﬂuctuations in a pipe, for
Re = 50, 000 and 500, 000. Source: [66]
Similarly to the RMS of velocity ﬂuctuations, the RMS of temperature ﬂuctuations are
deﬁned for non-isothermal ﬂows:
T ′rms =
√
(T ′)2 (2.2.36)
where T ′ represents the temperature ﬂuctuation. T ′rms is normalized by Tτ deﬁned in
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Eq. (2.2.8):
Θ
′+
rms =
T ′rms
Tτ
(2.2.37)
Figure 2.2.9 shows the temperature ﬂuctuations in a heated pipe, based on DNS from
Kawamura et al. (1998) [69], Satake and Kunugi (2002) [70] and Redjem et al. (2007) [58].
The Prandtl number greatly aﬀects the temperature ﬂuctuations, Θ
′+
rms increasing with in-
creasing Pr. Like for velocity ﬂuctuations, the peak in temperature ﬂuctuations is close to
the wall (10 < y+ < 70) and comes closer to the wall with increasing Pr.
Θ
0
+ r
m
s
Figure 2.2.9: RMS of temperature ﬂuctuations in a pipe ﬂow at Re = 5500. Source: [58].
2.3 Correlations for the friction factor and Nusselt num-
ber in smooth tubes
Many theoretical and experimental correlations have been proposed in the literature for the
friction factor and the Nusselt number in pipe ﬂows. A review is proposed in this section.
The following hypothesis are made:
• Mass forces (such as gravity) are neglected compared to viscous and inertial forces.
• The smooth tube is much longer than the entrance length Le, enabling to focus on
fully developed ﬂows.
In pipe ﬂow studies, bulk density ρb, bulk velocity Ub and the pipe diameter D are
usually selected as reference density, velocity and characteristic length respectively. Then,
the expressions for the friction factor f and for the Nusselt number Nu reads:
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f =
τw
1
2
ρbU2b
(2.3.1)
Nu =
qw D
λ(Tw − Tb) (2.3.2)
Note that, integrating the steady and time-averaged momentum equation in a pipe do-
main like previously shown in Eq. 2.2.22 leads to the following expression for the pressure
drop:
∂p
∂x
= −4τw
D
(2.3.3)
From Eqs. (2.3.3) and (2.3.1), the global friction factor f is related to the pressure loss
in a circular pipe by the expression:
f =
∂p
∂x
D
2ρbU2b
(2.3.4)
2.3.1 Friction factor
In the following, the Fanning friction factor f is considered, as deﬁned in Eq. (2.2.21).
For laminar ﬂows in pipes, the friction factor f was determined experimentally by
Poiseuille (1846) [71, 72] for Newtonian ﬂuids. It is inversely proportional on the Reynolds
number, following the Poiseuille law:
f =
16
Re
(2.3.5)
Determining the friction factor in turbulent ﬂows is more complex, as suggested by the
number of experimental correlations used in the literature. The most widely used correlation
was proposed in 1913 by Blasius [25], basing on an extensive set of experiments from Saph
and Schoder [73,74]. In the range 3.103 < Re < 106, the Blasius friction factor reads:
f = 0.079 Re−0.25 (2.3.6)
The coeﬃcients suggested by Blasius are still discussed and some authors, based on
experimental measurements available in the literature, found the following relation to be
more accurate in the range 3.104 < Re < 106 [60, 75]:
f = 0.046 Re−0.2 (2.3.7)
Von Kármán later proposed the correlation known as the Kármán-Nikuradse equation
(1931) [76], developed from the mean velocity proﬁle in a pipe ﬂow boundary layer and valid
on a wider range of Reynolds number:
1√
4f
= 0.86 ln(Re
√
4f)− 0.8 (2.3.8)
Because the Kármán-Nikuradse equation is not very easy to use, Petukhov and Popov
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(1963) [77,78] proposed a simpler equation that ﬁts some experimental measurements up to
Re = 5.106 :
f =
1
(1.58 ln(Re)− 3.28)2 (2.3.9)
More recently, McKeon et al. (2004) [79] correlated the friction data from very complete
experimental data sets for Reynolds numbers ranging from 10 to 36.106. They proposed the
following correlation for Re > 3.105:
1√
f
= 1.930 ln(Re
√
f)− 0.537 (2.3.10)
Figure 2.3.1 displays the above experimental correlations as functions of the Reynolds
number. All the correlations available in the literature lead to close results in their range
of validity, and therefore little diﬀerence in the prediction of the friction factor can be ex-
pected from one correlation to another. This is particularly true in the range 10, 000 <
Re < 100, 000, which covers many industrial applications. In the present work, it is chosen
to use the Petukhov correlation (Eq. 2.3.9) to predict the friction factor as a function of the
Reynolds number in a smooth tube, as this correlation is quite simple to use and is valid
over a wide range of Reynolds number.
 0.001
 0.01
 0.1
 1000  10000  100000  1×106  1×107  1×108
f
Re
Poiseuille
Blasius
Eq. 2.3.6
Karman-Nikuradse
Petukhov and Popov
KcKeon
f
<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>
Re
<latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit>
T
ra
n
si
ti
o
n
zo
n
e
<latexit sha1_base64="9RT8GhTWRzXYN3DZyri3vzBiqbw="></latexit><latexit sha1_base64="9RT8GhTWRzXYN3DZyri3vzBiqbw="></latexit><latexit sha1_base64="9RT8GhTWRzXYN3DZyri3vzBiqbw="></latexit><latexit sha1_base64="9RT8GhTWRzXYN3DZyri3vzBiqbw="></latexit>
Figure 2.3.1: Friction factor in pipe ﬂows as a function of the Reynolds number from several
empirical correlations.
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2.3.2 Nusselt number
As previously stated, the Nusselt number Nu depends on the thermal conductivity of the
ﬂuid, as shown in Eq. (2.3.2). Therefore, it depends both on the Reynolds number and on
the Prandtl number of the ﬂow. A very common expression for the Nusselt number is:
Nu = A ReBPrC (2.3.11)
where A, B and C are constants calibrated on experimental data. Correlations of the type
of Eq. (2.3.11) are usually referred as ”Dittus-Boelter correlations”, based on the work of
Dittus and Boelter. The history of such correlations can be found in the work of Winterton
(1998) [80].
The original Dittus and Boelter (1930) [81] correlation is:
Nu =
{
0.0241 Re0.8Pr0.4 for heating
0.0264 Re0.8Pr0.3 for cooling
(2.3.12)
The most commonly used correlation is the correlation, abusively called the Dittus-
Boelter equation [80], slightly diﬀers from Eq. 2.3.12 and was introduced by McAdams in
1942 [82]:
Nu = 0.023 Re0.8Pr0.4 (2.3.13)
Kays et al. [60] suggested the following correlation, valid for 0.5 < Pr < 1.0:
Nu = 0.022 Re0.8Pr0.5 (2.3.14)
Note that all the above expressions are very similar and provide close results in their
range of validity.
More complex correlations can be found in the literature, such as the correlation from
Petukhov (1963) [77,78]:
Nu =
Re Pr (f/2)
1.07 + 12.7 (Pr2/3 − 1)
√
f/2
(2.3.15)
with f the friction factor determined from Eq. (2.3.9). This correlation was latter modiﬁed
by Gnielinski (1975) [83] to ﬁt data on a large range of Prandtl numbers (0.5 < Pr < 2000)
and Reynolds numbers (2300 < Re < 5× 106), and yields:
Nu =
(Re− 1000) Pr (f/2)
1.0 + 12.7 (Pr2/3 − 1)
√
f/2
(2.3.16)
More recently, Kays et al. (2005) [60] proposed:
Nu =
0.023 Re0.8Pr
0.88 + 2.03 (Pr2/3 − 0.78) Re−0.1 (2.3.17)
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Figure 2.3.2 displays the Nusselt number as a function of the Reynolds number, computed
from the above correlations and considering a heated turbulent smooth pipe ﬂow with Pr =
0.71 (air). Similarly than for the friction factor, all Nusselt correlations provide close results
in their range of validity. In the present work, it is chosen to use the correlation from
McAdams (Eq. 2.3.13) due to its simplicity.
 50
 100
 150
 200
 250
 300
 350
 400
 450
 500
 10000  100000
N
u
Re
Dittus-Boelter
McAdams
Gnielinski
Petukhov
Kays (Eq. 2.3.16)
R
<latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit><latexit sha1_base64="tDwoH9aLFYQW0oByIjh5mz5w0F0="></latexit>
Nu
<latexit sha1_base64="K3Nyj26ErVg3HVSYYAlF8wbKoqw="></latexit><latexit sha1_base64="K3Nyj26ErVg3HVSYYAlF8wbKoqw="></latexit><latexit sha1_base64="K3Nyj26ErVg3HVSYYAlF8wbKoqw="></latexit><latexit sha1_base64="K3Nyj26ErVg3HVSYYAlF8wbKoqw="></latexit>
Figure 2.3.2: Nusselt number in heated pipe ﬂows as a function of the Reynolds number
from several empirical correlations, for Pr = 0.71.
2.3.3 Flow with temperature-dependent properties
The correlations for friction factor and Nusselt number presented in Sections 2.3.1 and 2.3.2
respectively all assume constant ﬂow properties. A variation with temperature of the trans-
port properties usually results in a change in the velocity and temperature proﬁles, which
consequently impacts the friction and heat transfer coeﬃcients. When the temperature gra-
dient in a wall bounded ﬂow is important, the coeﬃcients are adapted based on the ratio of
a ﬂuid property evaluated at the mean (or bulk) temperature and at the surface temperature.
For liquids, the speciﬁc heat, the thermal conductivity and the density are relatively
independent of the temperature. Only the viscosity decreases with temperature. Equations
of the following type are usually good approximations [60]:
f
fCP
=
(
µw
µb
)m
;
Nu
NuCP
=
(
µw
µb
)n
(2.3.18)
with the subscript CP referring to the constant-property solution, and the subscripts w and
b referring to the quantity evaluated at wall surface and bulk temperature respectively. The
exponents m and n depend on the considered geometry and on the ﬂow regime.
40
CHAPTER 2. TURBULENT FLOWS IN SMOOTH PIPES
Sieder and Tate (1936) [27] early investigated the friction and heat transfer coeﬃcients
of various oils, when both heating and cooling of the ﬂow. They found for the two exponents
m = 0.14 and n = −0.14.
Later, the friction factor exponent m was estimated to m = 0.25 both for heating by
Allen and Eckert (1964) [84] and for cooling by Rohonczy (1939) [85].
Petukhov [77, 78] investigated the heat transfer associated to liquid with variable prop-
erties, covering the ranges 2 < Pr < 140; 5000 < Re < 123, 000 and 0.025 < µw/µb < 12.5.
He concluded to:
n = −0.11 for heating
n = −0.25 for cooling (2.3.19)
Choi and Cho (1995) [86] later performed experimental measurements of the Nusselt num-
ber in heated water pipe ﬂows, and conﬁrmed the value n = −0.11 suggested by Petukhov.
For gases, the viscosity, thermal conductivity and density are function of the absolute
temperature [60]. Temperature-dependent properties are usually estimated with:
f
fCP
=
(
Tw
Tb
)p
;
Nu
NuCP
=
(
Tw
Tb
)q
(2.3.20)
There are few experimental data leading to estimations of p for gaseous ﬂows in the
literature. McEligot et al. (1965) [87] concluded to a value of p = −0.1. On the basis of
those experimental results, Kays et al. [60] proposed the following constants:
p = −0.1 q = −0.5 for heating
p = −0.1 q = 0.0 for cooling (2.3.21)
Petukhov (1970) [78] provided a review of experiments estimating the constant q for heat
transfer in gaseous ﬂows. He suggested:
q =
{ −0.3 log10 (Tw/Tb)− 0.36 for heating
−0.36 for cooling (2.3.22)
When heating a ﬂuid, the values of q are found to depend on the considered gas. For
air, Humble et al. (1951) [88] proposed q = −0.55. McCarthy and Wolf (1960) [89] found
q = −0.3 for hydrogen. Barnes and Jackson (1961) [90] tested several gases and found
q = −0.40 for air, q = −0.185 for helium and q = −0.27 for carbon dioxide. Sleicher
and Rouse (1975) [32], basing on a large amount of data for diﬀerent ﬂuids, proposed the
following correlation:
for 1 < Tw
Tb
< 5, q = −
(
log10
Tw
Tb
)1/4
+ 0.3 (2.3.23)
When cooling the ﬂow however, the eﬀect of the temperature ratio on heat transfer ap-
pears to be negligible, q ≈ 0 [60,88,91].
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Turbulent flows in roughened pipes
In this chapter, turbulent ﬂows over rough walls are investigated. Wall roughness
is a passive and eﬃcient method to increase the level of turbulence in a pipe or
channel, leading to an increase of the heat transfer. For this reason, roughened
pipes are commonly used for many industrial applications requiring important
heat transfer, such as steam cracking. However, wall roughness always lead
to an increase of the pressure drop, which might be detrimental to the energy
eﬃciency of the process. Although turbulent ﬂows over wall roughness have been
studied for long, the wide variety of roughness designs and the complexity of the
ﬂow dynamics makes diﬃcult the selection of an optimal roughness geometry,
considering a speciﬁc industrial application.
In the ﬁrst section, uniform sand-grain like roughness is investigated. As wall rough-
ness strongly impacts the ﬂow dynamics and the heat transfer, empirical correla-
tions for the prediction of friction factor and heat transfer which take into account
the roughness are ﬁrst presented. Then, experimental measurements of ﬂows over
ribbed walls are shown, providing empirical correlation for the estimation of the
friction factor and the heat transfer eﬃciency as functions of the roughness geo-
metrical parameters. Numerical simulations of such ﬂows, allowing a more detailed
description of the ﬂow dynamics, are also investigated. Finally, a literature review
of geometrical optimization for the roughness design, based on measurements or
simulations, is presented.
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3.1 Flow over uniformly roughened walls
In reality it is impossible to build a perfectly smooth surface and a manufactured wall al-
ways contains some small imperfections. From the aerodynamical point of view, a wall is
considered smooth if the roughness elements are so small that they are completely immersed
in the laminar sublayer of the ﬂow. As the laminar sublayer is extremely thin in most wall
bounded turbulent ﬂows, the roughness elements must be very small for the surface to be
considered aerodynamically smooth. Note that in fully laminar ﬂows the wall roughness has
no inﬂuence on the wall friction, and therefore the friction coeﬃcient can be evaluated with
the Poiseuille correlation (Eq. (2.3.5)) as for ﬂows over smooth walls.
The ﬂow over a rough surface depends on the size, shape and distribution of the rough-
ness elements, as well as on the friction velocity. In the simple case of uniform, sand-grain
roughness like illustrated in Fig. 1.3.1, the ﬂow properties are thus modiﬁed by the charac-
teristic size of the rough elements e and the friction velocity uτ . Relative roughness e/D is
a commonly used parameter to characterize uniform roughness.
3.1.1 Flow dynamics over uniformly roughened walls
The study of turbulent ﬂows over rough walls started with Darcy (1857) [92], who worked on
pressure loss in pipes. Darcy measured the ﬂow velocity inside pipes made of cast iron, rough
iron, lead, asphalt-covered cast iron and glass. He found that the pressure drop was depen-
dent upon the type of surface of the pipe and that it increased with increasing roughness.
The friction factor f was found to decrease with increasing Reynolds number, as observed
in smooth tubes, but it decreases less rapidly for important wall roughness. In this case,
Darcy [92] showed that the friction factor becomes independent of the Reynolds number.
Based on the empirical data from Darcy, Von Mises (1914) [93] proposed the following
relation for the friction factor in rough pipes :
f
4
= 0.0024 +
√
2e
D
+
0.3√
2Re
(3.1.1)
where Re is the Reynolds number based on the pipe diameter.
Another way to estimate the friction factor in roughened wall pipes is to refer to the
Moody diagram [94] (see Fig. 3.1.1), which was established in 1944 based on about 10, 000
experimental results from various sources [95] and which gives the Darcy friction factor as
a function of the Reynolds number and the relative wall roughness. For turbulent ﬂows
in rough tubes, the friction factor depends all the less on the Reynolds number than the
relative roughness. From experimental measurements, Nikuradse (1933) [12] showed that
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this dependency can be expressed by the formula:
f =
1
4
(
1.74 + 2 ln
(
D
2e
))2 (3.1.2)
D
ar
cy
F
ri
ct
io
n
F
ac
to
r
<latexit sha1_base64="zfKAnvIxey1S5T8iRhFgERdjHgQ="></latexit><latexit sha1_base64="zfKAnvIxey1S5T8iRhFgERdjHgQ="></latexit><latexit sha1_base64="zfKAnvIxey1S5T8iRhFgERdjHgQ="></latexit><latexit sha1_base64="zfKAnvIxey1S5T8iRhFgERdjHgQ="></latexit>
Figure 3.1.1: Moody diagram. Note that the given friction factor is the Darcy friction factor
fD, as a function of the relative roughness deﬁnes as e/D. Source: [94]
From Eq. 3.1.2, Nikuradse [12] deﬁned the roughness factor Rf as:
Rf =
1√
4 f
− 2 ln
(
D
2e
)
= 1.74 (3.1.3)
Thus, for rough tubes above a critical Reynolds number, the friction factor f and the
roughness factor Rf are constant. Nikuradse also deﬁned a roughness Reynolds number
based on the friction velocity and the roughness e:
e+ =
e uτ
ν
(3.1.4)
Nikuradse [12] studied the link between Rf and e+, as displayed in Fig. 3.1.2. For small
values of e+, i.e. for laminar ﬂows, Rf behaves similarly as on a smooth wall, the rough-
ness element being completely included in the viscous sublayer. A transition zone between
laminar behavior and fully rough behavior appears for 1.73 < e+ < 6.23. Note that, if
the asymptotic value of Rf is independent from the considered roughness (Rf > 1.74, see
Fig. 3.1.2), the transition zone may vary from one roughness type to another. As an ex-
ample, Ligrani and Moﬀat (1986) [96] experimentally investigated the transition between
smooth and fully rough surface using uniform-sphere roughness instead of randomly dis-
tributed sand-grain roughness. The transition was sharper and occured over a smaller range
of e+ for uniform-sphere roughness.
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Figure 3.1.2: Relation between the roughness factor Rf and e+. Source: [12]
As shown in Fig. 3.1.3a, relative roughness aﬀects the velocity proﬁle. The radial proﬁle
of non-dimensional axial velocity u/Uc is displayed for various wall roughnesses, showing
that an increase in roughness modiﬁes the velocity proﬁle, making it less ﬂat.
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(a) Relation between u/Uc and r/R.
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(b) Relation between u+ and r/R.
Figure 3.1.3: Radial proﬁles of non-dimensional axial velocity u/Uc for diﬀerent relative
roughnesses e/R. Source: [12]
On the other hand, the radial proﬁle of non-dimensional axial velocity normalized by uτ ,
where uτ is the friction velocity, shows the same shape whatever the roughness relative height
e/D (Fig. 3.1.3b). Thanks to this property, the plotting of u+ against y+, like previously
done for ﬂows over a smooth wall (Fig. 2.2.2), leads to a diﬀerent straight line for each value
of relative roughness as represented in Fig. 3.1.4, assessing the logarithmic shape of the mean
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Figure 3.1.4: Comparison of dimensionless velocity proﬁles in a smooth and a wall roughened
pipe.
u+ proﬁle. Turbulent ﬂows over rough walls also show a logarithmic law of the wall, shifted
by a constant value from the logarithmic law of the wall for a smooth tube. As ﬁrst stated
by Clauser in 1956 [97], the relation between u+ and y+ over rough walls can then be written
as:
u+ =
1
κ
ln
(
y+
)
+ 5.1−∆u+ (3.1.5)
with κ the Karman constant and ∆u+ a constant which depends upon the roughness e
usually called the roughness function. Then, ﬂows over sand-grain roughness can be char-
acterized either by the Reynolds roughness e+, or by the corresponding roughness function
∆u+.
Nikuradse found a similar relation as Eq. 3.1.5 for u+ depending on y/e, whatever the
uniform wall roughness considered:
u+ = 5.75 ln
(
y
e
)
+R+ (3.1.6)
where R+, similarly to Rf in Eq. (3.1.3), depends upon the Reynolds number in the transition
zone and is constant in fully rough ﬂows for a given roughness. From the experiment, R+
reads:
R+ =
√
8/f 2.5 ln
(2e
D
)
+ 3.75 (3.1.7)
For sand-grain roughness, Nikuradse [12] found an asymptotic value of R+ ≈ 8.5, for
e+ > 70.
3.1.2 Heat transfer over uniformly roughened walls
Artiﬁcial roughness is known to increase wall heat transfer. In 1963, Dipprey and Sabersky
[28] developed a heat transfer similarity law for sand-grain roughness, based on measurements
of heated water ﬂows in pipes with various e/R, Re and Pr. They highlighted the increase
of heat transfer St (or similarly Nu) with increasing roughness values, for any given Re and
47
3.2. EXPERIMENTAL MEASUREMENTS OF FLOWS OVER RIBBED WALLS
Pr. Based on the analogy between the turbulent diﬀusivities of heat and momentum, they
derived a similarity law for heat transfer in sand-grain roughened tubes that matches their
experimental observations:
G+ =
f/8 St− 1.0√
f/8
+R+ (3.1.8)
where R+ is deﬁned in Eq. (3.1.7) for the friction factor correlation. The determination of
St, and therefore of Nu, is reduced to the task of obtaining G+, which is a function of both
e+ and Pr. Note that the determination of the values of G+ and R+ requires experimental
data. Moreover a new set of experiments is required for each roughness type.
3.2 Experimental measurements of flows over ribbed
walls
Ribbed walls represent a particular type of roughness, usually characterized by two param-
eters for a ﬁxed element shape, the rib height e and the pitch between two ribs p. Many
experiments have been conducted for regularly ribbed tubes and various empirical correla-
tions have been proposed in the literature for the global friction factor f and the global
Nusselt number Nu. What has been rarely published is a detailed description of the velocity
and temperature ﬁelds in turbulent ribbed tubes due to diﬃcult optical access related to the
convexity of the tube surface.
3.2.1 Correlations for global friction factor and Nusselt number
in ribbed tubes
Over the years, many experimental measurements have been performed for ribbed pipes.
Note that pipes were more intensively investigated than channels, due to their easy manu-
facturing and the wider use of pipes for industrial applications. Although this section only
discusses the experimental correlations in pipes, one may refer to the experiments of Liou et
al. [98], Okamoto et al. (1993) [99], Aliaga et al. (1994) [100], Chandra et al. (1997) [101],
Casarsa et al. (2002) [102], Agelinchaab and Tachie (2006) [103] and Wang et al. (2010) [104]
for experiments in ribbed channels. Only the global friction factor f and the heat transfer
eﬃciency over the full pipe length have been measured until very recently, due to the dif-
ﬁcult optical access. Because no local information are usually provided, the friction factor
and the heat transfer eﬃciency are noted fg, Nug or Stg, the subscript g indicating a mean
value over the ribbed wall. Note that, due to the similarity assumption between ﬂows over
ribbed walls and over sand-grain roughness, many authors use R+ and G+ functions to ﬁt
the experimental results.
In 1966, Sheriﬀ and Gumley [105] performed an experimental investigation of heat trans-
fer eﬃciency inside heated tubes with repeated transverse circular ribs (TCR). For fully
rough regimes (e+ > 50), they found an asymptotic value for R+, R+TCR = 4.65. The
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Stanton number in fully rough regime is deﬁned as:
Stg =
[√
2/fg
(√
2/fg + 5.37 (e+)0.199 − 6.45
)]−1
(3.2.1)
Webb et al. (1971) [14] aimed at providing correlations for the friction factor and the
heat transfer eﬃciency (expressed by the Stanton number) as functions of the rib geometrical
parameters e/D and p/e. Most of their data were obtained in the fully rough region, with
repeated, transverse ribs (TR) of rectangular cross sections (the rib width is considered
negligible compared to p). Based on the wall law similarity for friction coeﬃcient (f is a
function of e+ and not of Re) and heat-momentum analogy for heat transfer, they proposed:
R+TR = R
+ × 0.95 (p/e)−0.53 (3.2.2)
G+TR =
fg/8 Stg − 1.0√
fg/8
+R+TR
× Pr−0.57 (3.2.3)
The asymptotic values for R+TR and G
+
TR are:
R+TR = 0.95 (p/e)
0.53 for e+ > 35
G+TR = 4.50 (e
+)0.28 for e+ > 25
(3.2.4)
In 1980, Gee and Webb [106] studied multi-started helically ribbed tubes in order to
evaluate the performances of this kind of roughness and to determine the best helix angle α.
Figure 3.2.1 shows the details of their tube geometries. The pitch-to-height ratio p/e is kept
constant and equal to 15, but there is no direct relation between p and α in multi-started
helically ribbed tubes, unlike in single-started helically ribbed tubes. The authors noted
that the friction factor and the Stanton number both decrease with decreasing helix angles,
but that the friction factor decreases faster than the Nusselt number, suggesting for the ﬁrst
time an optimal helix angle for thermal performance. Decreasing rates of friction factor
and Stanton number from their experimental results are shown in Fig. 3.2.2. Similarly to
Nikuradse [12] and Webb et al. [14] before them, they correlated their data for friction and
heat transfer:
R+MHR = R
+ ×
(
α
50
)0.16
(3.2.5)
G+MHR =
fg/8 Stg − 1.0√
fg/8
+R+MHR
× ( α
50
)j
(3.2.6)
where the subscript MHR stands for multi-started helical ribbed roughness, and:
j = 0.37 for α < 50◦
j = −0.16 for α > 50◦ (3.2.7)
Gee and Webb did not provide analytical relations for R+MHR and G
+
MHR versus e
+, but
data can be retrieved from their paper [14].
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Figure 3.2.1: Illustration of the helically ribbed tubes geometry studied by Gee and Webb.
Adapted from: [106]
Re = 10, 000
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Figure 3.2.2: Stanton number and friction factor against helix angle from Gee and Webb
experiment. Source: [106]
The same year, Withers [107] correlated the friction factor and the heat transfer eﬃciency
for corrugated tubes, i.e. geometries similar to single-started helically ribbed tubes. He found:√
fg
8
= − 1
2.46 ln[r + (7/Re)m]
(3.2.8)
G+SHR = G
+ × Pr−0.5
(
p
D
)1/3
= 7.22 (e+)0.127 (3.2.9)
where the subscript SHR denotes a correlation for a single-started helically ribbed rough-
ness. Although correlations for r and m as functions of the pipe geometries are not given
in [107], some measured values for speciﬁc pipe geometries are reported.
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Experimental study of single-started helically ribbed tubes taking into account the geo-
metrical parameters e, p and α was performed few years later by Sethumadhavan and Rao
(1983) [17]. As previously mentioned, p and α are linked together in single-started helically
ribbed tubes, which makes the roughness two-dimensional. The roughness element consisting
in an inserted helical wire coil, its cross-section shape is circular and e denotes its diameter.
They noticed a signiﬁcant inﬂuence of the helix angle α on friction and heat transfer, and
proposed the following relations:
R+HWC = R
+ × (tan(α))0.18 = 7.0 (e+)0.13 (3.2.10)
G+HWC = G
+ × Pr−0.55 (tan(α))0.18 = 8.6 (e+)0.13 (3.2.11)
Around the 2000’s, more complex artiﬁcial roughnesses started to be investigated. Due
to the more complex ﬂow behavior, especially when dealing with three-dimensional artiﬁ-
cial roughness, the validity of the similarity assumption of ﬂow resistance with sand-grain
roughness is discussed and correlations of the type R+ and G+ are progressively abandoned.
Most correlations given after the 2000’s directly link fg and Nug to Re, Pr and geometrical
parameters.
In 1996, Ravigururajan and Bergles [108] gathered data from several experimental stud-
ies and proposed correlations for the friction factor and the heat transfer eﬃciency. For the
ﬁrst time, diﬀerent rib proﬁles were included in the same study and a shape function was
created to account for it. All rib proﬁles considered in [108] are represented in Fig. 3.2.3.
In particular, wire coil inserts, transverse ribs, single started and multi-started helical ribs
were investigated and independent experiments with water and air as working ﬂuid were per-
formed in the following ranges: Re = 5000− 60, 000; e/d = 0.023− 0.127; p/d = 0.17− 1.12
and α/90 = 0.34− 0.91.
Figure 3.2.3: Types of rib shapes considered in the work of Ravigururajan and Bergles.
Source: [108]
Basing on this huge database, a correlation for the friction factor was proposed:
fg = fs×
1.0 +
29.1 ReA ( e
D
)B ( p
D
)C (arctan(2D/p)
π/2
)E (
1.0 + 2.94 sin
(
β
n
))15/16

16/15
(3.2.12)
where fs denotes the friction factor in a smooth tube, estimated from Eq. (2.3.9), β is the
wall contact angle of the proﬁle and n is the number of sharpe corners on the rib facing the
ﬂow (n = 2 for triangular or rectangular ribs, n = inﬁnity for circular ribs). A, B, C and E
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depend on geometrical parameters:
A = 0.67− 0.06
(
p
D
)
− 0.49 arctan(2D/p)
π/2
(3.2.13)
B = 1.37− 0.157
(
p
D
)
(3.2.14)
C = −1.66× 10−6 Re− 0.33 arctan(2D/p)
π/2
(3.2.15)
E = 4.59 + 4.11× 10−6 Re− 0.15
(
p
D
)
(3.2.16)
The same authors proposed a correlation for the Nusselt number:
Nug = Nus ×
1.0 +
2.64 Re0.036 ( e
D
)0.212 ( p
D
)−0.21 (arctan(2D/p)
π/2
)0.29
(Pr)0.024
7

1/7
(3.2.17)
where Nus denotes the Nusselt number in a smooth tube, estimated from the correlation of
Petukhov and Popov (Eq. (2.3.15)).
For helically dimpled tubes, Vicente et al. (2002) [11] measured the heat transfer and
pressure drop for 2000 < Re < 100, 000 and 2.5 < Pr < 100. Based on ten tubes with
diﬀerent geometrical parameters, they proposed correlations for the friction factor and the
heat transfer eﬃciency. As helical dimple is a three-dimensional roughness, and correlations
are functions of the dimple height e, the pitch p but also the distance between two dimples
l:
fg = 5.52 (e/D)1.67(D2/(p× l))0.26Re−0.19 (3.2.18)
Nug = 1.07 (e/D)0.69(D2/(p× l))0.12(Re− 1000)0.63Pr0.4 (3.2.19)
In 2004, the same authors investigated helically corrugated tubes [16], a geometry similar
to helically ribbed tubes, for the same Reynolds and Prandtl number ranges as in [11].
For helically ribbed tube geometries, the authors proposed to use a unique dimensionless
parameter named the severity index noted φ (with φ = e2/(p×D)) to establish the roughness
inﬂuence on the ﬂow.
fg = 1.47 (e/D)
0.91 (p/D)−0.54Re−0.16 = 1.53(φ)0.46Re−0.16 (3.2.20)
Nug = 0.403 (e/D)
0.53 (p/D)−0.29 (Re− 1500)0.74Pr0.44 = 0.374(φ)0.25(Re− 1500)0.74Pr0.44
(3.2.21)
Although the authors also provided friction and heat transfer correlations based on R+
and G+, they highlighted the fact that the helix angle induces a swirl motion of the ﬂow
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which leads to very diﬀerent ﬂow behavior than sand-grain roughness. Because correlations
based on R+ and G+ came from similarity assumption with sand-grain roughness, it may
therefore not correlate the data better than Eq. (3.2.20) and (3.2.21), and it is noticed that
the use of the R+ function does not improve the ﬁtting of experimental results.
Garcia et al. (2005) [109] studied pipes with helical wire coil inserts at various Reynolds
number, from laminar to turbulent regime (80 < Re < 90, 000) and for various Prandtl
numbers (2.8 < Pr < 150). For fully turbulent ﬂow, they proposed the following correlation:
fg = 2.34 (p/e)−1.16Re−0.217 (3.2.22)
For heat transfer eﬃciencies, they proposed:
Nug = 0.132 (p/D)−0.372Re0.72Pr0.37 (3.2.23)
The authors however highlighted the lack of coherence between the correlations for fg
found by diﬀerent groups. In particular, the correlations from Sethumadhavan and Rao [17]
or from Ravigururajan and Bergles [108] under-predict their own results, whereas those
from Zhang et al. [110] are in better agreement. On the other hand, for heat transfer
enhancement, their results were in better good agreement with other studies from the liter-
ature [17,108,110].
Cheng and Chen (2006) [111] measured heat transfer and pressure loss in a spiral inter-
nally ribbed tube, the Reynolds and the Prandtl numbers varying only.
Saha (2010) [112] measured friction and heat transfer in square, circular and rectangular
channels for both transverse ribs and helical coil inserts, but also for the two devices used
together, concluding to better heat exchanger performances than when the two devices are
used separately. The authors proposed various correlations based on the experimental results.
In particular, one may cite the correlations for combination of transverse ribs and helical
coil inserts in pipes:
fg = 1.8161 (erib/D)
0.1135 (p/ecoil)
−0.415 (ecoil/D)
0.0591 (tan(α))0.168Re−0.258 (3.2.24)
Nug = 0.2488 (erib/D)
0.147 (p/ecoil)
−0.463 (ecoil/D)
0.131 (tan(α))0.473Re0.783Pr0.329
(
µb
µw
)0.14
(3.2.25)
Similarly, Bhattacharyya and Saha (2012) [15] studied the inﬂuence of helical rib rough-
ness and twisted-tape insert, separately and together, on laminar ﬂows through circular
tubes. They concluded to better thermal eﬃciencies of the two devices used together than
one turbulence promoter used alone.
Garcia et al. (2012) [19] compared the heat transfer enhancement induced by corru-
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gated tubes, dimpled tubes and wire coil inserts. They concluded to a greater inﬂuence
of the roughness on pressure drop than on heat transfer enhancement. For laminar ﬂows
(i.e. Re < 2000), they found the wire coil inserts more advantageous than other roughness
geometries, while for turbulent ﬂows (Re > 2000) they promoted the use of corrugated or
dimpled tubes because of the lower pressure drop induced for similar heat transfer levels.
Finally, very recently, Ali et al. (2016) [113] proposed global friction and heat transfer
correlations in tubes with inserted helical coils:
fg = 0.08128 Re−0.101(e/D)0.196(p/D)−0.211 (3.2.26)
Nug = 0.117 Re0.7(e/D)0.104(p/D)−0.106 (3.2.27)
Table 3.2.1 summarizes the experimental studies mentioned above, along with corre-
sponding geometries, Re and Pr ranges.
Figure 3.2.4 displays the friction factor inside single-started helically ribbed tubes as
a function of the Reynolds number according to various empirical correlations mentioned
above. As an example, it is chosen to compute f only for helically ribbed tubes with
e/D = 0.036 and p/D = 0.42, and for Pr = 0.71 (air). Note however that, despite similar
parameters e/D and p/D, all rib cross-section shapes are considered, as well as helically cor-
rugated ribbed tubes and circular wire coil inserts, as all those geometries are quite similar.
Considering those conditions, only the more relevant correlations are considered, i.e. the cor-
relations from Ravigururajan and Berlges (Eq. (3.2.12)), Vicente et al. (Eq. (3.2.20)), Garcia
et al. (Eq. (3.2.22)) and Ali et al. (Eq. (3.2.26))., and are compared to the Petukhov correla-
tion for a smooth tube (Eq. (2.3.9)), although e/D = 0.036 and p/D = 0.42 sometimes falls
slightly outside the range of validity of some of those correlations. Due to the wide disparity
of the investigated geometrical ranges between the diﬀerent correlations and to the limited
number of evaluations inside those ranges, the predicted friction factor is seen to vary a
lot from one correlation to another. The very diﬀerent results make empirical correlations
poorly reliable considering one speciﬁc geometrical design, justifying the need for additional
experimental measurements or numerical simulations when evaluating the friction factor in
a speciﬁc helically ribbed tube.
Similarly to the friction factor, the global Nusselt number for the same tube geometry
and ﬂuid thermal properties (Pr = 0.71) according to the same authors is displayed on
Fig. 3.2.5. The Dittus-Boelter correlation for a smooth tube (Eq. (2.3.13)) is also plotted for
comparison. Again, very diﬀerent result is obtained depending on the author, and a factor
2 between two correlations is sometimes observed. This makes the prediction of the Nusselt
number based on an empirical correlation poorly reliable, and evaluating the performance of
a speciﬁc helically ribbed tube usually requires new experimental measurements or numerical
simulations. Therefore, the development of a numerical methodology and the systematic use
of high ﬁdelity simulations to evaluate the performances of ribbed tubes in the present work
is strongly motivated by the very diﬀerent observed results.
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Year Author Roughness e/D; Re range Pr range
[rib shape] p/D
1966 Sheriﬀ Transverse ribs 0.002-0.04; 10,000 - ≈ 0.7
and Gumley [circular] 0.02-0.4 200,000 (air)
1971 Webb et al. Transverse ribs 0.01-0.04; 6,000 - 0.71-
[square] 0.1-1.6 100,000 37.6
1980 Gee and Multi-started 0.01; 6,000 - ≈ 0.7
Webb helix [square] 0.15 65,000 (air)
1980 Withers Single-started 0.0159-0.0522; 10,000 - 2.0 -
helix [corrugated] 0.290-0.911 100,000 11.0
1983 Sethumadhavan Single-started 0.089-0.236; 4,000 - 5.2-
and Rao helix [circular] 0.621-3.055 100,000 32
1996 Ravigururajan Transverse ribs 0.023-0.047; 5,000 - 0.66-
and Bergles Single and Multi- 0.434-1.120 60,000 37.6
started helix
[circle, semi-circle,
square, triangle]
2002 Vicente et al. Single-started 0.08-0.12; 2,000 - 2.5-
helix [dimple] 0.65-1.1 100,000 100
2004 Vicente et al. Single-started 0.02-0.06; 2,000 - 2.5-
helix [corrugated] 0.6-1.2 90,000 100
2005 Garcia et al. Single-started 0.07-0.10; 80 - 2.8-
helix [circular] 1.17-2.68 90,000 160
2006 Cheng and Single-started 0.045; 10,000 - 1.1-
Chen helix [square] 0.5 50,000 34,000
2010 Saha Single-started 0.0441-0.0735; 40,000 - ≈ 0.7
helix [square] 5.8-20.0 100,000 (air)
2012 Bhattacharyya Single-started 0.077-0.1026; 30 - 235-
and Saha helix [square] 20.04-35.65 6,000 537
2012 Garcia et al. Single-started 0.024-0.119; 20 - 200
helix [circular, 0.608-2.684 20,000
corrugated, dimple]
2016 Ali et al. Single-started 0.044-0.133; 14,400 - ≈ 0.7
helix [circular] 1.0-5.0 42,900 (air)
2018 Mayo et al. Single-started 0.036; 20,000 - ≈ 0.7
helix 0.42 60,000 (air)
[semi-circular]
Table 3.2.1: Summary of experimental studies in ribbed pipes.
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Figure 3.2.4: Friction factor as a function of the Reynolds number in a helically ribbed
tube according to various empirical correlations. Considered parameters: e/D = 0.036,
p/D = 0.42 and Pr = 0.71.
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Figure 3.2.5: Nusselt number as a function of the Reynolds number in a helically ribbed
tube according to various empirical correlations. Considered parameters: e/D = 0.036,
p/D = 0.42 and Pr = 0.71.
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3.2.2 Turbulent flow structure over ribbed walls
Detailed velocity and temperature ﬁelds over rough walls were investigated in the early
2000’s, mostly in channels due to easier optical access. In 2002, Casarsa et al. [102] in-
vestigated the aero-thermal turbulent air ﬂow inside a rib-roughened cooling channel. The
ribbed channel, sketched in Fig. 3.2.6, includes transverse ribs of square cross-section on the
bottom wall, with geometrical parameters p/e = 10 and e/D = 0.3. The Reynolds number,
based on the channel hydraulic diameter of the channel and the bulk velocity, is Re = 40, 000.
Figure 3.2.6: Sketch of the rib-roughened channel, with square ribs on the bottom wall
measured by Casarsa et al. [102]. Source: [38]
Particle Image Velocimetry (PIV) is an optical method used to visualize instantaneous
velocity ﬁelds. The ﬂow is seeded with tracer particles, which are supposed to follow the ﬂow
dynamics without impacting it, and the motion of those particles is recorded to compute
the local ﬂuid velocity. Using PIV, Casarsa et al. provide a three dimensional view of the
velocity ﬁeld between two consecutive ribs. Figure 3.2.7 shows the time-averaged velocity
magnitude in the streamwise plane between two ribs. Due to the rib which locally reduces
the channel cross section, the ﬂow experiences a strong acceleration above the obstacle. The
sudden expansion just downstream the rib induces a large recirculation zone, characterized
by a local negative streamwise velocity (position V1 in Fig. 3.2.7). From this experimental
measurement, the main recirculation zone appears to be about 4e long, which is in good
agreement with other measurements [114]. After the reattachment of the ﬂow, a new bound-
ary layer is growing, until it impinges the next rib. A second smaller recirculation zone is
identiﬁed in the corner upstream the next rib (position V3 in Fig. 3.2.7). A last and small
recirculation is visible on the rib top (position V2 in Fig. 3.2.7), due to the ﬂow by-passing
the rib angular shape.
The authors also investigated the turbulence intensity in the channel. Figure 3.2.8 shows
the time-averaged RMS streamwise velocity ﬂuctuations in the symmetry plane. The highest
values of streamwise ﬂuctuations are observed above the rib, where the ﬂow is accelerated
and by-passes the angular rib shape. Velocity ﬂuctuations are small just downstream and
upstream the rib. In the near-wall region, the highest velocity ﬂuctuations are found near
the reattachment line.
The ratio between the rib spacing and the rib height p/e has an important eﬀect on the
ﬂow dynamics, as the capacity of the ﬂow to reattach the wall depends on it, as shown in
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Figure 3.2.7: PIV measurement of time-averaged velocity magnitude in a square-ribbed
channel ﬂow. Source: [102]
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Figure 3.2.8: PIV measurement of time-averaged streamwise velocity ﬂuctuations in a square-
ribbed channel ﬂow. Source: [102]
Fig. 3.2.9. When the pitch is very long, the reattachment line locates between 6 e and 8 e
downstream the rib wall [14,115]. When the rib pitch decreases, the reattachment line pro-
gressively shifts upstream. For instance, Aliaga et al. (1994) [100] observed a reattachment
length of about 4 e for p/e = 12, which is in good agreement with the more recent work of
Islam et al. (2002) [114], who observed a reattachment length of about 4 e for p/e = 10 and
20. Finally, reattachment completely disappears for small values of p/e, the cavity between
two ribs being completely ﬁlled by one recirculation zone.
Perry et al. (1969) [116] early introduced a classiﬁcation of ﬂows over ribbed walls. In
walls with p/e > 4, ribs are suﬃciently far from each other to allow the ﬂow to reattach on
the wall, leading to higher interactions between the near-wall ﬂow and the bulk ﬂow and
increasing the heat transfer eﬃciency. This is called the K-type roughness [115,116]. K-type
roughness opposes to D-type roughness (p/e < 4) for which the ribs are so close to each
other that the eddy shedding from the roughness element has little impact on the bulk ﬂow,
which greatly decreases the heat transfer eﬃciency. In a ribbed channel, the rib pitch is
therefore of primary importance when it comes to optimize heat transfer.
3.2.3 Heat transfer efficiency at ribbed walls
Casarsa et al. [102] also measured the heat transfer eﬃciency in a heated ribbed channel
using Liquid Crystal Thermography (LCT). LCT uses the properties of a liquid crystal with
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Figure 3.2.9: Flow patterns as a function of p/e in a ribbed channel. Source: [14]
a known color-to-temperature response in order to easily estimate the temperature at the
wall surface. A ﬁeld of Nusselt number, representative of heat transfer eﬃciency, is dis-
played in Fig. 3.2.10, showing that the maximum Nusselt number corresponds to the highest
velocity ﬂuctuations, i.e. on the rib top and in the reattachment region. Heat transfer eﬃ-
ciency is minimum just upstream and downstream the rib, and only slightly higher than in a
smooth tube at those locations due to the hot ﬂuid locally trapped in the recirculation zones.
x/e
z
/e
Nu/Nus
Figure 3.2.10: Distribution of Nusselt number on the wall of a squarred-ribbed channel.
Source: [117]
As enhanced turbulence in the near wall region increases the local convective heat trans-
fer, the most eﬃcient ribbed channel in terms of heat transfer show important e/D ratio
and intermediate p/e ratio. Sheriﬀ and Gumley (1966) [105] suggested an optimal heat
transfer eﬃciency for e+ = 35, based on their experiment in ribbed tubes with circular rib
cross-section. Several authors [14, 105] suggest 10 < p/e < 15 as the optimal rib spacing.
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3.3 Numerical simulations of flows over ribbed walls
Because of the diﬃcult optical access limiting the measurements in ribbed tubes, numerical
simulation appears as an interesting alternative tool to study such ﬂows. For this reason, and
as ribbed pipes and channels are commonly found in industrial devices, several numerical
simulations of heated ﬂows over ribbed geometries are available in the literature. However,
the majority of those simulations are dealing with transverse square-ribs, and few simulations
of other wall roughness exist. In addition, RANS simulations of ﬂows over ribbed walls
are more common than LES and DNS simulations, resulting in a lack of highly reliable
informations for such ﬂows.
3.3.1 Simulation of channel or pipe with transverse ribs
Many numerical simulations have been conducted for channel or pipe ﬂows with transverse
square ribs.
RANS
For turbulent, heated channels including square ribs on a wall, one may cite the RANS of
Liou et al. (1993) [98], Kim and Kim (2004) [118], Ryu et al. (2007) [119, 120] and Kamali
and Binesh (2008) [121]. Two-dimensional heated channels were simulated by Iaccarino et
al. (2002) [122], Liou et al. (2002) [123], Eiamsa-ard and Promvonge (2008) [124] and Ma et
al. (2012) [125].
RANS simulations were done by Ryu et al. (2007) [119, 120], using the k − ǫ turbulence
model and a no-slip velocity condition at the wall, for channel with transverse ribs of square,
triangular, semicircular and wavy cross section and with three-dimensional block roughness.
The square ribs are found to lead to higher pressure loss than other rib shapes. However, it
is also found that the heat transfer is maximum when the pressure loss is maximum. The
roughness function ∆u+ is found to vary linearly with the log of the roughness Reynolds
number e+ for all rib proﬁles, and the slope reaches the value of κ−1 for suﬃciently large e+,
like for ﬂows over smooth and uniformly roughened walls.
Eiamsa-ard and Promvonge (2008) [124] performed RANS simulations with various tur-
bulence models of a heated channel ﬂow over transverse, rectangular ribs, making the width
of the ribs w/D vary. The authors used a mesh resolution of y+ ≈ 2 at the wall in or-
der to resolve the laminar sub-layer. They concluded to a maximum thermal enhancement
(Nu/Nus)/(f/fs)1/3 of 1.33 with w/D = 0.75. Kamali and Binesh (2008) [121] performed
RANS simulations of a heated channel ﬂow over transverse ribs, using the SST k−ω turbu-
lence model and a resolved ﬂow at the wall. They varied both the spacing between the ribs
and the rib shape (square, triangular, trapezoidal).
Fewer RANS simulations are available for heated tubes with transverse ribs. One may
cite the simulations of Shub (1993) [126] and the simulation of Ooi et al. (2002) [127], which
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concludes to only fair agreement with the experiment in terms of local heat transfer predic-
tion.
DNS
Fewer DNS were performed in channel ﬂows. Leonardi et al. (2004) [128] investigated the
ﬂow structures in a turbulent channel with square ribs on one wall, varying p/e. The turbu-
lent coherent structures were found to have a minimum length in the streamwise direction
for p/e = 7, while they were larger in the spanwise direction. Ashraﬁan et al. (2004) [129]
studied the transitionally rough ﬂow in a ribbed channel with e/D = 0.017 and p/D = 8,
both walls being rod-roughened. Lee and Sung (2007) [130] and Lee et al. (2009) [131] more
speciﬁcally investigated the eﬀect of surface roughness on the turbulent boundary layer.
Although those simulations provide very detailed information about the ﬂow dynamics,
none of them investigate wall heat transfer. Nagano et al. (2004) [132] performed a DNS
of a heated turbulent channel ﬂow with transverse rectangular rib roughness, varying the
rib pitch p, width w and height e. In particular, they investigated statistical aerodynamic
and thermal quantities, showing that large scale vortices appear in the center of the channel
from the enclosure between the ribs when p/e is suﬃciently large, which enhances turbulent
mixing and increases heat transfer eﬃciency and friction drag.
LES
With the recent increase in computational power, some LES of regularly ribbed tubes or
channels were performed in the 2000’s. Examples of LES with transverse ribs can be found
in the work of Cui et al. (2003) [133], Jordan (2003) [134], Lohasz et al. (2006) [135], Vijia-
purapu and Cui (2007 and 2010) [136,137] and Labbe (2013) [117].
Cui et al. (2003) [133] studied a channel with transverse square rib roughness, varying
the rib pitch. The mechanisms responsible for the pressure loss were investigated. It should
be noted that in a ribbed geometry, pressure loss is due to two diﬀerent contributions: the
local wall shear stress often normalized by 0.5 ρb U2b and noted Cf to ease the distinction
with the global friction factor fg, and the local pressure drag (or form drag), due to the
pressure variations on the roughness surface and noted Cp. Like the friction coeﬃcient, Cp
is made dimensionless and is computed from:
Cp =
P − Pref
0.5 ρb U2b
(3.3.1)
where P is the local pressure and Pref is an arbitrary reference pressure. The contribution
of Cp to the total pressure loss in a ribbed tube or channel is usually much more important
than the contribution of Cf . The evolution of the pressure coeﬃcient Cp on the wall surface
is shown in Fig. 3.3.1 for three diﬀerent p/e ratios. The pressure coeﬃcient progressively
increases between two ribs, reaching a maximum value on the front side of the rib. It then
61
3.3. NUMERICAL SIMULATIONS OF FLOWS OVER RIBBED WALLS
decreases quickly on the front side and on top of the rib. Local friction coeﬃcient Cf is also
investigated and shown in Fig. 3.3.2. For a K-type roughness (p/e > 4), the friction factor
strongly increases in front of the rib. On the top of the rib, the friction factor is slightly
negative, which is a consequence of the recirculation zone at this location, inducing a neg-
ative streamwise velocity in the near-wall region. For the same reason, the friction factor
is largely negative in the large recirculation zone downstream the rib and becomes positive
downstream the reattachment line. It ﬁnally becomes negative again upstream the next rib.
x/e
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Figure 3.3.1: Wall pressure Cp distribution on the channel wall surface in a channel with
transverse square rib roughness. Three types of roughness are presented: K-type, interme-
diate and D-type roughness. Source: [133]
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Figure 3.3.2: Wall shear stress Cf distribution on the channel wall surface in a channel
with transverse square rib roughness. Three types of roughness are presented: K-type ,
intermediate and D-type roughness. Source: [133]
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Studying the time-averaged velocity proﬁle a classical semi-logarithmic distribution was
retrieved, displaced from the law of the wall for smooth walls by the roughness function ∆u+,
like for uniform sand-grain roughness. Note that in this case, u+ and y+ are deﬁned from
the eﬀective friction velocity uτ , which is determined from the total pressure loss, including
pressure and friction coeﬃcients. For p/e = 9, they found ∆u+ = 15.0.
The results of LES of turbulent ﬂow in a pipe with transverse square ribs of diﬀerent
spacing and for high Reynolds numbers are proposed by Vijiapurapu and Cui in 2007 [136].
Like Cui et al. for a ﬂow in a channel with a single ribbed wall before them, they show the
capacity of LES to identify the pressure and frictional components of the ﬂow pressure loss.
The friction coeﬃcient Cf and the pressure coeﬃcient Cp are found qualitatively similar to
those found by Cui et al. [133].
Lohasz et al. (2006) [135] and Labbé (2013) [117] both performed LES of turbulent ﬂow
in a ribbed duct, reproducing the experiments of Casarsa et al. [102]. Both papers simulated
the ﬂow in one-pitch long periodic domains, and used the Monotonic Integrated Large-Eddy
Simulation (MILES) approach to mimic the dissipative behavior of the unresolved turbulent
scales, as proposed by Boris et al. [138]. Lohasz et al. (2006) investigated the ﬂow dynamics
in the channel and compared the mean velocity proﬁles with experimental results. They
showed a quite good agreement, as displayed in Fig. 3.3.3, although mean axial velocity
proﬁle is poorly predicted at some locations due to the use of a logarithmic wall law. Labbé
(2013) latter performed a heated simulation of the channel, using a ﬁner mesh resolution at
the wall than Lohasz et al. (y+ < 1). They concluded to a very good agreement with the
experimental data with both a spatial and a periodic domain, assessing the capacity of LES
to accurately predict heated turbulent ﬂows in ribbed channels.
x/e =
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Figure 3.3.3: Comparison between numerical results (circles) and experiments (lines) in the
plane of symmetry of a ribbed channel. (top): Mean streamwise velocity. (bottom): Mean
vertical velocity. Source: [135]
Recently, two works comparing RANS and LES approaches for the simulation of pipes
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and channels with transverse ribs were published. Vijiapurapu and Cui (2010) [137] com-
pared the capacity of various RANS turbulence models and LES to accurately simulate the
turbulent ﬂow inside a pipe with repeated transverse square ribs. It appears that, if RANS
simulations beneﬁt from the relatively low computational cost compared to LES, they have
diﬃculties to accurately predict the ﬂow separation, as the classical RANS turbulence models
do not take into account the complex vortical motions encountered in such ﬂows. As stated
by Weihing et al. (2014) [139], the turbulence closure models used in RANS simulations have
to be chosen with care as the most commonly used models fail to accurately describe the
ﬂow, and the development of speciﬁc turbulence models is mandatory. Moreover, due to
the spatial averaging of the ﬂow equations, RANS simulations do not provide informations
on the instantaneous ﬂow structure. LES on the other hand have much greater success in
predicting detached ﬂows, which further motivates the use of LES in the present work. In
2013, Fransen [38] simulated heated ribbed channels using LES with the objective to model
turbine blade cooling systems. In particular, he studied the eﬀect of the mesh and of the
turbulence model on both the velocity and the temperature ﬁelds. The LES solutions were
compared to RANS simulations and to experimental measurements, concluding to a good
reliability of LES to simulate such ﬂows, while RANS leads to a poor prediction of the ﬂow
separations and recirculations. Based on his simulations, Fransen recommended the use of
the WALE turbulence model and a ﬁne mesh resolution at the wall (yˆ+ ¡ 10).
3.3.2 Simulation of helically ribbed tubes
RANS
Unlike for transverse ribs, few simulations of helically ribbed tubes have been performed,
and mostly RANS results are reported in the literature. Multi-started helically ribbed tubes
were investigated by Liu and Jansen (2001) [140], who performed a parametric study on
the number of starting rib N , the rib width w, the rib height e, the helix angle α and the
rib shape. Based on an axi-periodic domain, representing only a small angle of the tube
including one rib, they concluded that an increase in rib height e or a decrease in rib pitch
p enhance both the pressure drop and the Nusselt number. They also concluded to similar
thermal eﬃciency of rectangular and triangular rib shapes, while round-crest ribs induce
lower friction and heat transfer. Kim et al. (2004) [118] simulated a similar tube geometry
than Liu and Jansen (2001) and compared several turbulence model.
Hossainpour and Hassanzadeh (2011) [141] and Agra et al. (2011) [142] performed RANS
simulations of single-started helically ribbed tubes to evaluate the impact of a varying e/D
ranging from 0.02 to 0.06, and a varying p/D ranging from 0.6 to 1.2, at various Reynolds
numbers. They provided mean temperature and velocity ﬁelds in the ribbed tube and con-
cluded to correct agreement with the correlations of Ravigururajan and Bergles [108] for
friction and heat transfer.
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LES
If no DNS of helically ribbed tubes are reported in the literature, LES has been used very
recently for the simulation of helically ribbed tubes. In 2015, Zhu [143] performed LES of
of such ﬂows, investigating the eﬀect of mesh resolution and numerical schemes on both the
ﬂow dynamics and the heat transfer. Using a periodic computational domain, she also stud-
ied the eﬀect of the length of the computational domain, concluding to satisfactory results
when simulating a single periodic pattern. Therefore, the work of Zhu provided a complete
numerical methodology for the simulation of heated ﬂows in helically ribbed tubes using LES.
Finally, Van Cauwenberge et al. (2018) [144] performed LES of the entrance region of an
heated ﬂow in an helically ribbed tube, and compared the results with experimental mea-
surements from Mayo et al. [145], concluding to good agreement. The authors also used the
results from the LES to ﬁt a RANS model, which is able for this conﬁguration to reproduce
the pressure loss and the heat transfer within 10% and 2% error respectively.
3.3.3 Conclusion
Experimental measurements and simulations of helically ribbed tubes being scarce in the
literature, the precise ﬂow dynamics and heat transfer in such ﬂows remains poorly known.
Due to diﬃcult optical access, very few experiments provide a detailed description of the
aero-thermal ﬁeld in such geometries, and numerical simulations appears as an interesting
tool to investigate such ﬂows. If many RANS simulations of ﬂows over ribbed walls were
performed since the early 2000’s, those simulations were shown to poorly predict the pres-
sure drop and the heat transfer when compared to experimental measurements. With the
increasing computational power, LES appears as an interesting emerging tool for the sim-
ulation of ﬂows in helically ribbed tubes. Due to the wide variety of wall roughness, LES
of helically ribbed tubes remain however uncommon, and new simulations are required in
order to fully investigate such ﬂows.
3.4 Performance evaluation and design optimization
As artiﬁcial roughness increases both the heat transfer eﬃciency and the pressure loss, the
performance of a speciﬁc heat exchanger design should be evaluated considering both param-
eters. Simple criteria for heat transfer eﬃciency were proposed by Bergles et al. (1974) [146].
The ﬁrst criterion, noted R1, aims at increasing heat transfer for ﬁxed mass ﬂow rate, tube
diameter and length, and without considering the pressure loss:
R1 =
St
Sts
(3.4.1)
the subscript s indicating a value computed for a smooth tube at similar operating condi-
tions. To account for pressure loss penalty, Bergles et al. (1974) introduced the performance
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criteria R2 and R3, which aim at increasing the heat transfer eﬃciency with more practical
constraints: the assumption of constant ﬂow rate is replaced by the assumption of a constant
pressure drop and a constant pumping power for criteria R2 and R3 respectively. Those cri-
teria have a similar expression as Eq. (3.4.1), but Sts (or equivalently Nus if Re = Res and
Pr = Prs) is not evaluated for smooth tubes at the same Reynolds number, but at equiva-
lent Reynolds numbers Res0 that matches Res0 = Re× (f/fs0)1/2 or Res0 = Re× (f/fs0)1/3
(for R2 and R3 respectively) in order to respect the constraint assumption. The authors also
proposed an optimization criterion for constant heat duty and surface area, which aims at
reducing the pumping power using an enhanced surface. R4 represents a ratio of pumping
power and reduces to:
R4 =
f ×G
fs ×Gs (3.4.2)
with G = ρbUb, the mass velocity or mass ﬂow per unit area. Finally, a ﬁfth criterion R5
was proposed in order to minimize the exchanger size, for a similar heat transfer eﬃciency
and similar pumping power.
R5 =
A
As
(3.4.3)
Because they only consider part of the heat exchangers design constraints, criteria R1
and R4 are only used for speciﬁc applications, while criterion R3 is the most commonly used.
Webb and Eckert (1972) [147] looked for performance criteria to optimize heat exchanger
designs. In the case of constant heat ﬂux applied to all considered design, the increase in
heat conductance K = hA with A the heat exchange area is given by:
K
Ks
=
h× A
hs × As =
St× A×G
Sts × As ×Gs (3.4.4)
Similarly in such heat exchangers, the relative friction power required to ensure the ﬂow
motion is:
P
Ps
=
f × A×G3
fs × As ×G3s
(3.4.5)
By elimination ofG/Gs in Eq. (3.4.4) and (3.4.5), Webb and Eckert obtained the following
relation:
K/Ks
(P/Ps)1/3(A/As)2/3
=
St/Sts
(f/fs)1/3
(3.4.6)
It is important to note that Eq. (3.4.6) is valid only when G/Gs 6= 1, so the mass ﬂow
per unit area is not the same in the roughened tube and the smooth tube. In practice,
G/Gs change with a varying mass ﬂow rate, a varying pipe diameter or a varying number of
parallel pipes in the heat exchanger.
Depending on the optimization objective (i.e. reducing the surface area, the friction
power or increasing the heat transfer), one can reduce further Eq. (3.4.6). As an example,
increasing the heat transfer while keeping similar pumping power (P/Ps = 1) and exchange
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area (A/As = 1) is often targeted for heat exchanger designs. Then, Eq. (3.4.6) becomes:
K
Ks
=
St/Sts
(f/fs)1/3
(3.4.7)
As highlighted by Karwa et al. (2013) [148], Eq. (3.4.7) is however valid for a particular
set of constraints only and should be used with care. In particular, Sts and fs should be
estimated at diﬀerent Reynolds number Res0, like for criterion R3. Webb (1981) [149] later
extended the previous works to establish a broad range of performance criteria for various
heat exchanger constraints, describing eleven diﬀerent optimization cases.
Gee and Webb (1980) [106] used the performance relation (3.4.6) to determine the opti-
mal helix angle of a multi-started helically ribbed tube, concluding to an optimal helix angle
of 49◦. The authors also introduced the ’eﬃciency index’ η = (St/Sts)/(f/fs), which can
be used as an optimization objective and conﬁrms the best performances obtained for the
helix angle α = 49◦, as shown in Fig. 3.4.1.
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Figure 3.4.1: Optimization of the geometrical parameter α from the eﬃciency index η for
multi-started helically ribbed tubes of diﬀerent Reynolds roughness. Source: [106]
In 1983, Sethumadhavan and Rao [17] evaluated the eﬃciency of helical-coil inserted
tubes, based on the performance criteria R3, R4, R5 and the eﬃciency index η proposed by
Gee and Webb. Based on η, they concluded to an optimal helix angle α = 50◦ to 60◦, the
optimal helix angle increasing slightly with increasing Prandtl number.
Vicente et al. (2002) [11] used the criteria R1, R3 and R5 from Bergles et al. to verify the
beneﬁts from dimpled tubes, concluding to better performances reached with higher dimple
height e. Similarly, they later used the R3 criterion to estimate the beneﬁts of helically
corrugated tubes [16]. Based on this criterion, they showed that the performances increase
with increasing Prandtl number. The optimal geometry changes with the Reynolds number
of the ﬂow: geometries with high severity index φ = e2/(p×D) are preferred when dealing
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with low Reynolds number, while tubes with moderate roughness are favored with higher
Reynolds numbers (20, 000 < Re < 40, 000). The performance criterion R3 is plotted as
a function of the severity index φ in Fig. 3.4.2 for various Prandtl and Reynolds numbers,
assessing the existence of an optimal geometry which maximizes the thermal performances.
R
3
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Figure 3.4.2: Optimization of the geometrical parameter φ from the performance criterion
R3 in helically corrugated tubes. Source: [16]
Similarly, Garcia et al. (2005) [109] investigated the heat exchanger performances based
on criterion R3 for diﬀerent Reynolds numbers, and concluded to an optimal eﬃciency of
wire-coil inserted tubes at a Reynolds number of approximately 1500.
Numerical optimization of artiﬁcially roughened heat exchangers started quite recently,
due to the increasing computational power. Kim and Kim (2004) [150] proposed a numerical
methodology for design optimization of rib-roughened channel. Based on RANS simulations,
they aimed at ﬁnding a channel geometry which maximizes the heat transfer while minimiz-
ing the pressure loss. In their study, ribs have a rectangular cross-section and geometrical
parameters w/e, e/D, p/D and distance between opposite ribs to p ratio (noted A/p) are
chosen as design variables to optimize. The cost function chosen by the authors is the
following:
Fcost =
Nus
Nug
+ β
(
fg
fs
)1/3
(3.4.8)
with β a weight factor adjusted to the purpose of the designer, and the 1/3 power on the
friction factor coming from the work of Webb et al. [106,147]. A total of 36 simulations were
used to construct the response surface. Despite some discrepancies in local Nusselt number
on the rib surface when compared to experimental results, the authors proposed optimized
geometries for 0.0 < β < 0.1. Table 3.4.1 summarizes the predicted optimal geometrical
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Design p/D A/p e/D w/e Fcost
Variable
Value 2.007 0.43 0.158 0.200 0.29745
Table 3.4.1: Optimized geometrical parameters for β = 0.02. Source: [150]
parameters for β = 0.02, while Fig. 3.4.3 shows the mean ﬂow streamlines in the optimal
channel for the same value of β.
Figure 3.4.3: Example of optimized roughness in a roughened channel including ribs of
rectangular cross-section and corresponding mean ﬂow streamlines. Source: [150]
The optimization criterion proposed by Webb and Eckert for heat exchangers was used
by Eiamsa-ard and Promvonge in 2008 [124] to ﬁnd the best width of the rectangular rib
roughness in a heated channel among the geometries they tested. The optimized objective
function for the various tested geometries is given in Fig. 3.4.4.
Recently, Saha (2010) [112] and Bhattacharyya (2012) [15] also used the performance
criteria proposed by Bergles to evaluate the best turbulence promoter among several rough-
nesses, concluding to better eﬃciencies when several turbulence promoters are used together.
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Figure 3.4.4: Variation of thermal enhancement factor with Reynolds number in a channel
including rectangular ribs on one wall. Source: [124]
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Chapter 4
Chemical production in cracking coils
Thermal cracking of petroleum hydrocarbons with steam (steam-cracking) is the
main worldwide method for commercial production of ethylene [151]. During this
process, a mixture of steam and hydrocarbons enters a ﬁred tubular reactor where
it is heated to very high temperature for short residence time. During this short
reaction time, hydrocarbons in the feedstock are cracked into lighter molecules
such as ethylene and other oleﬁns. The conversion of saturated hydrocarbons to
oleﬁns being a very endothermic process, important amount of energy must be
provided to the system. The resulting produced mixture depends on both the
feedstock and the cracking conditions (temperature, pressure, residence time).
This short chapter ﬁrst proposes a description of the chemical mechanisms related to
steam cracking of hydrocarbons. As this work focuses on butane cracking, special
attention is paid to the composition of butane. Formation of coke in cracking
coils is also presented, as reducing coke formation rate during steam cracking is of
primary importance in order to increase the energy eﬃciency of the process and
constitute a major challenge for the design of reactors. Finally, a review of numerical
simulations of the steam cracking process is proposed. It is shown that, although
important progress has been made over the years to simulate always more accurately
the process, detailed simulations of steam cracking remain to this day a scientiﬁc
challenge, justifying the development of an adapted numerical methodology in the
present work.
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4.1 Mechanisms of hydrocarbon pyrolysis
Free radical reactions are known to dominate the thermal cracking of hydrocarbon species
[152]. Is called a radical (or free radical) an atom, molecule or ion that has an unpaired
valence electron. This lonely valence electron usually makes the radical highly chemically
reactive, and most radicals have a very short lifetime. In the present document, radicals are
noted with the superscript • to make the distinction with classical species.
A ﬁrst description of the radical reaction mechanism for the decomposition of hydro-
carbon during thermal cracking was proposed by Rice and Herzfeld (1931) [153, 154]. The
radical mechanism occurring during the thermal cracking of hydrocarbon can be divided into
three main reaction classes: 1-initiation, 2-propagation and 3-termination. Those classes are
described more in details in the following.
4.1.1 Initiation
The feedstock being composed of saturated hydrocarbons, the initiation reaction consists in
a scission of a C-C bond, the C-H bond being relatively stable and requiring higher energy
levels to break [153]. The scission of saturated hydrocarbons produces two alkyl radicals,
for example:
CH3-CH2-CH2-CH3 ⇀↽ C2H•5 + C2H
•
5 (4.1.1)
4.1.2 Propagation
The chain propagation is a more complex step, which involves many diﬀerent reactions such
as hydrogen abstraction, addition, radical decomposition and radical isomerization.
1. Hydrogen abstraction: an hydrogen atom moves from one molecule to a radical:
CH•3 + CH3-CH3 ⇀↽ CH4 + C2H
•
5 (4.1.2)
2. Radical addition: a radical merges with a species to form a larger radical (the reverse
reaction is called radical decomposition):
CH•3 + CH2=CH-CH3 ⇀↽ CH3-CH2-CH
•-CH3 (4.1.3)
3. Radical isomerization: transformation of a radical to one of its isomer by hydrogen
transfer:
CH•2 -CH2-CH2-CH2-CH3 ⇀↽ CH3-CH2-CH2-CH
•-CH3 (4.1.4)
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4.1.3 Termination
The termination (or recombinaison) reactions cause the disappearance of two radicals and
the formation of one or two more stable species:
C2H
•
5 + C2H
•
5
⇀↽ CH3-CH2-CH2-CH3 (4.1.5)
4.1.4 Molecular reactions
In addition to the reactions involving radicals, molecular reactions of individual products of
radical reactions can occur. This is mostly encountered when the conversion of the feedstock
is important and the residence time of the ﬂuid is long enough to produce many molecules
from the radical chain reaction. Typical molecular reactions encountered during thermal
cracking are dehydrogenation, isomerization and cycloaddition.
1. Dehydrogenation: it is the removal of hydrogen atoms in a saturated hydrocarbon
to form an unsaturated hydrocarbon, which is usually reactive and more valuable.
CH3-CH3 ⇀↽ CH2=CH2 +H2 (4.1.6)
2. Isomerization: it consists in the displacement of hydrogen atoms in an unsaturated
hydrocarbon to create another isomer of the molecule.
CH3-CH2-CH=CH-CH2-CH3 ⇀↽ CH3-CH=CH-CH2-CH2-CH3 (4.1.7)
3. Cycloaddition: also known as Diels-Alder reaction, this kind of reaction is the main
mechanism for aromatic products formation. It consists in the reaction between a diene
and an alkene to form a cycle, as shown in Fig. 4.1.1. This reaction might be followed
by a dehydrogenation reaction to create a stable aromatic.
Figure 4.1.1: Example of Diels-Alder reaction. Reaction between ethylene and but-1,3-diene
to form a cyclohexene system. Source: [155]
4.2 Butane cracking
The objective of cracking is to convert alkanes (or paraﬃns) which are saturated hydro-
carbons, into lighter alkenes (or oleﬁns) which are unsaturated hydrocarbons with higher
commercial value. Ethane, propane and butane are among the most commonly cracked
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feedstocks. Naphtha, which is an hydrocarbon mixture of varying composition, is also often
used as feedstock. In this work, butane cracking is considered.
Butane (C4H10) cracking is one of the most widely used method to produce ethylene
and is typically performed at 94 − 96% conversion [151]. Note that two diﬀerent isomers
of butane exist: n-butane and isobutane, as shown in Fig. 4.2.1. Both butane isomers are
highly ﬂammable, colorless gases at ambiant temperature and pressure. However, n-butane
and isobutane have diﬀerent chemical and physical properties, and if thermal cracking of
n-butane provides a typical ethylene yield of about 40%, isobutane cracking produces much
less ethylene (about 15%) [151]. For this reason, cracking of n-butane is considered in the
present work, and butane always refers to n-butane in the following, unless otherwise speci-
ﬁed.
(a) (b)
Figure 4.2.1: Representation of the two butane isomers. (a): n-butane. (b): isobutane.
The creation of chemical kinetic models for hydrocarbon cracking is diﬃcult due to a
chemical process involving hundreds of species and thousands of reactions, and to the im-
possibility to measure experimentally the concentration of all species. Despite this diﬃculty,
chemical mechanisms are mandatory for the simulation of reactive processes. The construc-
tion of mechanisms containing thousands of reactions require an automated procedure, and
automatic kinetic generation codes, such as RMG [156] developed by the MIT, have been
created in the past decades. If very detailed mechanisms for hydrocarbon cracking can be
used for a wide range of feedstock and operating conditions, an eﬃcient mechanism for CFD
applications should contain enough species and reactions to be accurate in its range of va-
lidity while keeping a moderate size to enable simulations of acceptable computational time.
Therefore, detailed mechanisms usually require a signiﬁcant species and reaction reduction
to be included in three-dimensional CFD simulations. Among the detailed mechanisms cre-
ated for hydrocarbon pyrolysis, one may cite for example the mechanism from Van Geem
et al. (2006) [157] for hexane cracking, the mechanism from Sabbe et al. (2011) [158] for
ethane cracking, or the mechanism from Ranzi et al. (2012) [159] valid for both pyrolysis
and combustion of hydrocarbons. It should be noted that most of the mechanisms created
from automated codes are included in commercial or conﬁdential softwares and therefore are
not available in the literature.
Detailed reaction network speciﬁc to butane cracking are not common. Van de Vijver et
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al. (2015) [160] generated a detailed kinetic model for n-butane pyrolysis, using the auto-
matic generation code RMG [156]. Their mechanism, composed of 195 species and 14,551
reactions, was validated against experimental results for relatively low operating tempera-
ture (the coil outlet temperature going from 820 to 860 K), a steam dilution of 0.699 to 0.846
kgsteam/kghydrocarbons and a residence time of 0.36 to 0.47 s. The model was found to lead to
acceptable estimation of most of the product yields, although some species such as propy-
lene were signiﬁcantly overestimated, assessing the diﬃculty to build a predictive model from
automatic kinetic model generator codes without ﬁtting any parameter from experimental
data. This mechanism was reduced in later works to be implemented in three-dimensional
CFD simulations, such as in the work of Reyniers (2018) [161], the ﬁnal mechanism contain-
ing 20 species and 149 reactions.
4.3 Coke formation
Thermal cracking is always accompanied by secondary reactions, leading to the undesired
formation of coke on the inner surface of the reactor tube. The coke layer has a graphitic
nature, which aromatic structure is represented in Fig. 4.3.1. Coke is a solid product that
appears mostly on the hot inner wall surface and considerably reduces the heat transfer
eﬃciency over time because of the low heat capacity of this material. For this reason, the
formation of coke inside cracking reactors has been extensively studied in the past decades.
Figure 4.3.1: Representation of the aromatic structure of the coke deposit. Source: [162].
Coke formation is a complex phenomenon which is not fully understood today. Coke is
formed by three distinct mechanisms during the pyrolysis process [163]:
• 1: Metal-catalyzed coking. First, the coke layer develops on the clean (uncoked)
metallic reactor surface. Metal atoms such as iron, nickel and chromium, which are
usually present in the coil material, are catalysts for coke formation. Coke ﬁlaments
develop from the coil surface and progressively grow by diﬀusion of carbon through
the catalytic atom [164], as shown in Fig. 4.3.2. The tracer experiment of Kopinke
et al. (1988) [165] showed that benzene, unsaturated hydrocarbons and aromatics are
the species responsible for the higher coking selectivity during metal-catalyzed coking
under severe cracking conditions.
76
CHAPTER 4. CHEMICAL PRODUCTION IN CRACKING COILS
• 2: Impinging tar droplet. Starting from aromatics, condensation and dehydrogena-
tion reactions occur in the gas phase to produce tar droplets and soot particles. The
tar droplets impact the wall, and those adhering to the hot surface quickly decompose
to form coke containing numerous radicals. The coke produced by this mechanism con-
tains few metal particles and consists in multiple spherical coke elements that cluster.
This mechanism is expected to be of primary importance in the convection section of
the furnace, where part of the feedstock remains liquid because of the partial evapora-
tion of the hydrocarbons. Tar droplets are large coke precursors with low diﬀusion and
large radial gradients, and relative importance of mechanism 2 is expected to decrease
in the radiant cracking section but depends on the feedstock used [166,167].
• 3: Coke precursors. The C-H function on the coke layer surface, as shown in
Fig. 4.3.1, reacts with the gas-phase via deshydrogenation reactions to form radical
sites. Some species in the gas-phase, such as oleﬁns and radicals, ﬁnally react with
the free radicals on the coke surface through addition reactions leading to a further
growth of the coke layer. This mechanism is responsible for the thickening of the
coke ﬁlaments and the growth of the spherical particles on the coke surface. Dente et
al. (2007) [152] distinguished three main classes of addition reaction in this mechanism,
which all consist in an initial addition of species and a successive release of small species:
addition of radicals, addition of acetylene, dienes and unsaturated molecules (the Diels-
Alder reactions) and addition of aromatics with the alkyl side chains. Those reactions
are represented in Fig. 4.3.3.
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Figure 4.3.2: Representation of the mechanism of ﬁlamentous coke formation. Source: [164].
The relative importance of each mechanism depends both on the coil material, the oper-
ating temperature and the produced coke precursors. Mechanism 1 is of little importance in
presence of a metal-free or a coated coil surface [168–170], and appropriate pretreatment of
the reactor surface might signiﬁcantly reduce coke formation [171, 172]. Optimal treatment
of the reactor surface however depends on the operating conditions and on the coil material,
and is an important research area. Based on tracer experiments, Kopinke et al. (1988) [165]
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Figure 4.3.3: Examples of the three diﬀerent reaction classes of mechanism 3: formation of
coke from coke precursors. (a): radical addition, (b): unsaturated molecule addition and
(c): aromatic addition. Source: [152].
found a coking rate by one to two orders of magnitude higher on Cr-Ni steel allow surfaces
than on quartz and platinum surfaces. Moreover, mechanism 1 is less important when op-
erating time decreases as the coke layer grows and covers most of the catalyst atoms. The
relative importance of mechanism 3 over mechanism 2 depends on the coke precursor con-
centration, as heavy coke precursors such as aromatic rings favor mechanism 2 while light
coke precursors such as ethylene, propene and radicals favor mechanism 3.
The tracer experiment from Kopinke et al. (1988) [165] also highlighted the fact that the
selectivity of coke formation is quite independent of the coil material, meaning that the same
species act as coke precursor on every surfaces. This indicates that the surface properties
only control the number, and not the nature, of the catalytic sites. Mechanism 1 for coke
formation then remains mostly unchanged whatever the considered surface.
The composition of coke formed in ethane cracking furnaces was analyzed by Albright and
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Marek (1988) [173]. On the coil side surface of the coke layer, thick ﬁlaments are observed.
This is the consequence of the multiple catalytic atoms on the metal coil surface, favoring
mechanism 1 during the ﬁrst hours of the industrial process. The coke layer progressively
changes to a rather solid matrix. The coke composition varies from the tube side surface
to the gas side surface of the coke layer. On the tube side surface, important quantities of
iron, chromium and nickel are found, which can represent up to 2.0 % of the weight of the
coke layer. This amount decreases rapidly to about 0.3 % of the weight within 0.1 to 0.5
mm from the surface. On the gas side surface of the coke layer, spherical particles, irregular
granules and ﬁlaments are present, assessing the contribution of all three mechanisms to
coke formation. The coke surface then appears rough and porous.
It is shown that in industrial furnaces, coke formation rate is higher at the beginning of
the process (catalytic coke), and reduces after (non-catalytic coke) [174]. This is because
part of the nickel, iron and chromium sites are covered.
Other factors are known to impact the coke formation rate, such as the steam dilution
ratio [174] or the insertion of additives to the feedstock [168,174]. For example, sulfur addi-
tion to the feed might be used to reduce the formation of CO soots, but is known to enhance
the coke formation at the wall.
4.3.1 Coking model
Coke formation being an important aspect of thermal cracking, numerical simulations of
industrial furnaces should take it into account. Unlike thermal decomposition of hydro-
carbons, the coke deposition and the formation of a coke layer are slow mechanisms, that
occur mostly at the wall surface. For this reason, coke formation is usually not included
in the chemical mechanism but estimated a posteriori from an empirical model directly at
the wall. Coke formation still being poorly understood, the coking models available in the
literature are based on empirical theories, providing kinetic information about reactions be-
tween the gas phase and the coke layer. Although it would be desirable to include the
metal-catalyzed coking mechanism in the coking model, few experimental data of catalyzed
coking at industrial operating conditions are available [175]. Based on a tracer experiment,
Kopinke et al. [167, 176] estimated the relative reaction rate constant of many species for
metal-catalyzed coke formation. They concluded to a moderate contribution of paraﬃns to
metal-catalyzed coke formation, and a more important contributions of oleﬁns, radicals and
aromatics. Ethylene has the smallest coking tendency of all studied oleﬁns, but its inﬂuence
on the coke formation remains important because of its high concentration [167]. Similarly,
benzene is found to be a poor coke precursor for metal-catalyzed coking, but heavier aromat-
ics have a greater tendency to form a carbonaceous deposit [176]. As the period of catalytic
coking remains small compared to typical thermal cracking cycle, the catalytic coke layer
growth phase is usually neglected in the coke formation models.
Starting from 1979, Sundaram and Froment were the ﬁrst to propose a kinetic model
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for coke formation during propane [177] and ethane [178] cracking. Considering few coke
precursors, they ﬁtted experimental data of coke formation such as:
rc = k Cprecursor (4.3.1)
with rc the rate of coke formation in g.(m2.s)−1, k a reaction rate in g.(m2.s)−1.(mol.m−3)−1
and Cprecursor the concentration of the species considered as the coke precursor in mol.m−3.
The reaction rate k is expressed by an Arrhenius law depending on temperature (Eq. (7.1.5)).
The authors concluded that propylene was the main coke precursor in propane pyrolysis,
while butadiene and aromatics were the main coke precursors in ethane pyrolysis. Based on
experimental results, Kumar and Kunzru [179] developed in 1985 a model for the coking rate
during naphtha steam cracking. Their model relies on a simple 0th order reaction in which
the only coke precursor is aromatics. Another model, taking into account only ethylene as
a coke precursor, was also developed.
More complex coke formation mechanisms were later developed based on experimental
observations. Unpublished models such as the Plehiers model for the cracking of light hy-
drocarbons [180] or the Reyniers model for the cracking of heavy hydrocarbons [181] are
used in academic softwares. Zou et al. (1993) [182] studied the Atmospheric Gas Oil (AGO)
pyrolysis, a complex mixture of hydrocarbons. They concluded that ethylene and aromatics
are the most important coke precursors in this case, and proposed a coking model based on
ethylene and aromatics as coke precursors, and two Arrhenius equations.
In the 2000’s, Wauters and Marin (1999 and 2001) [183, 184] proposed a numerical
methodology for developing detailed coke formation network. In their work, coke is rep-
resented as an aromatic structure and elementary reactions occurring between the gas phase
and the coke layer are described in details. For ethane cracking, they proposed a detailed
model for coke formation including several thousands of elementary reactions. The same
authors [162] later proposed a new coking model based on elementary reactions, involving
fewer kinetics parameters. Compared to the previous empirical models, a wider applicability
of this model is expected. Among radicals, they found hydrogen, methyl, ethyl and allyl to
be the most important coke precursors, while ethyne, ethene, propyne and propene are the
most reactive species. This work on elementary reactions of coke formation is later continued
by Van Speybroeck et al. (2007) [185].
In 2004, Towﬁghi et al. [186] constructed a semi-empirical coking model consisting of
seven reactions, based on experimental data of naphtha pyrolysis. The main coke precur-
sors are found to be ethylene, propylene, butadiene, benzene, toluene, xylene and styrene,
unsaturated hydrocarbons and aromatics being two classes of important coke precursors.
To reduce further the number of independent variables, coke precursors are classiﬁed into
groups, which leads to:
rolefin = k1 exp(−E1/RT )× (KC2H4CC2H4 +KC3H6CC3H6) (4.3.2)
80
CHAPTER 4. CHEMICAL PRODUCTION IN CRACKING COILS
rdiene = k2 exp(−E2/RT )× CC4H6 (4.3.3)
raromatic = k3 exp(−E3/RT )× (KBCB +KTCT +KXCX +KSCS) (4.3.4)
where the subscripts B, T , X and S indicate benzene, toluene, xylene and styrene re-
spectively. Coeﬃcients ki and Ei are determined experimentally and given in [186], and
coeﬃcients Kprecursor are given in [167, 176]. The ﬁnal coke production rate is given by an
addition of the above equations:
rcoke = (CH2CCH4)
3∑
i=1
rprecursor (4.3.5)
Hernandez (2012) [175] later proposed a simple two-reactions coking model, based on a
dummy species A1 representative of the total aromatic concentration in the gaseous phase.
Haghighi et al. (2013) [187] proposed a more complex coking model for naphtha steam crack-
ing applications. It relies on the same coke precursors as the model of Towﬁghi, but with
distinct reactions and Arrhenius parameters for all coke precursors. Moreover, partial coke
removal is accounted for by reactions with the dilution ﬂuid (steam or carbon dioxide). The
authors validated their model based on 1D numerical simulation of naphtha cracking.
Because of the complexity of simulating two-phase reactive ﬂows with impacting droplets,
numerical simulations for coke formation in the radiant section of the steam cracking furnace
usually do not take into account the formation of tar droplets in the bulk ﬂow. However,
hydrocarbon droplets impacting the coil surface play a primordial role in the convection sec-
tion of the furnace, where the feedstock is not completely evaporated and the relatively low
operating temperatures prevents mechanisms 1 and 3 to occur. For this reason De Schepper
et al. (2010) [188] developed a coking model for hydrocarbon droplets impacting the wall
surface, valid for low operating conditions only (450 K - 700 K).
It should be noted that all the coking model found in the literature account for the
temperature of the wall surface and the coke precursors concentration. However, the impact
of the ﬂow dynamics on coke deposition is always neglected, due to diﬃcult experimental
measurements. If those models are found to give quite accurate predictions in smooth
reactors, coke deposition in artiﬁcially roughened reactors is still an open question which
requires further investigation.
4.4 Numerical simulation of thermal cracking
Because of the diﬃculties of experimental measurements inside operational steam cracking
reactors, numerical simulations appear to be an alternative tool to predict chemical produc-
tion inside a wide variety of reactor geometries and operating conditions. In this context,
one-dimensional simulations have been used for long to study the cracking process in simple
reactor geometries [177, 178, 180, 189, 190]. One-dimensional models have the advantage of
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only requiring an energy equation in addition to the chemical model and a pressure loss
equation based on empirical correlations. Those models are therefore very cheap in terms
of computational cost. Their major drawback is that they can be used only for well known
reactor geometries, as empirical correlations are needed for the pressure loss and the wall
temperature, and only the bulk ﬂow characteristics are computed.
As one-dimensional models cannot predict radial gradients in the reactor, Froment (1992)
used a two-dimensional model [191] concluding to a more accurate simulation, in particular
for high severity cracking where the the radial gradients are important. If empirical correla-
tions are not needed to compute the wall temperature, correlations are still used to estimate
the pressure loss and the axial velocity proﬁle, which prevents the use of this methodology for
the simulation of non-smooth reactors. Inﬂuence of radial temperature proﬁle on yields was
later investigated by Van Geem et al. [192] based on two-dimensional reactor simulations,
concluding to important radial gradients of reaction rate and species concentrations.
More recently, three-dimensional simulations of the ﬂow inside cracking reactors have
been performed for a more reliable prediction of the process and to investigate new reactor
geometries. Today, design engineers mainly rely on computational ﬂuid dynamics to optimize
the design of heat exchangers, and Reynolds-Averaged Navier Stokes (RANS) simulations
are used on various reactor geometries such as ﬁnned tube [193,194] or swirl ﬂow tube [20],
assessing reasonably good predictions of global quantities when compared to experimental
results. If those simulations assessed an increase in heat transfer eﬃciency due to artiﬁ-
cial roughness, no conclusions were drawn about the advantage of such reactors on product
yields. Recently, the RANS simulations of Vandewalle et al. (2017) [195] investigated for the
ﬁrst time the progressive coke formation in reactors including various internal roughness,
taking into account the geometry deformation caused by the developing coke layer. They
considered the cracking of propane and used a reaction network of 29 species, among which
13 are radicals, and 151 reactions. The coke formation rate was estimated at the wall from
the empirical model of Plehiers [180].
With the increase of computing power, Large Eddy Simulation (LES) is becoming an af-
fordable and more reliable method for numerical predictions. Van Cauwenberge et al. (2015)
[196] compared RANS and LES simulations of a three-dimensional cold ﬂow, for both ﬁnned
and swirl ﬂow tube geometries. They investigated the ﬂow dynamics and thermal behavior,
and concluded to a better prediction of the ﬂow with LES, in particular in terms of turbu-
lent intensity. However, LES was not used for reactor simulations of cracking applications
until very recently, because of a prohibitive computational cost when coupled with a realistic
reaction mechanism. Reyniers et al. (2015) [197] studied the feasibility of such simulation of
the kinetic model. To reduce further the computational cost, the methodology also requires
to compute a limited domain of the reactor using periodic conﬁguration and a reduced cok-
ing chemistry. To the author knowledge, only Zhu (2015) [143] performed LES of reactive
steam-cracking reactor ﬂows, as shown in Fig. 4.4.1. Zhu studied both the thermal cracking
of ethane and butane, and compared the chemical selectivity in smooth and single-started
helically ribbed reactors. A chemical mechanism from Sabbe et al. (2011) [158], constituted
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of 19 species and 32 irreversible reactions was used for ethane cracking, and a mechanism
composed of 20 species and 149 reversible reactions was used for butane cracking. However,
coke formation was not considered in this work and no conclusions are drawn about the
advantage of ribbed reactor in industrial operating conditions.
(a) (b)
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Figure 4.4.1: Instantaneous reaction rates after a residence time of 40.0 ms. Reaction:
C4H10 → 2C2H•5 . (a): smooth reactor. (b): ribbed reactor. Source: [143].
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Chapter 5
LES of non-reacting flows in ribbed
tubes
In this chapter, LES of steady turbulent ﬂows in ribbed tubes are performed. In
addition to the isothermal ﬂow, heated simulation is presented. The ﬁrst objective
of this chapter is to understand the impact of the rib on pressure loss and heat
transfer eﬃciency, and give ﬁrst trends for the design of an optimal reactor geom-
etry. The second objective is to validate the numerical methodology developed for
the simulation of heated, artiﬁcially roughened reactors by comparison with exper-
imental measurements. Special care is taken to validate the ﬂow dynamics, both in
terms of mean velocity proﬁles and velocity ﬂuctuations. Also, temperature proﬁles
and heat transfer at the wall are investigated.
The results presented in this chapter have accepted for publication in the following arti-
cle:
[198] R. Campet, M. Zhu, E. Riber, B. Cuenot and M. Nemri. ’Large Eddy Simulation of a
Single-Started Helically Ribbed Tube with Heat Transfer’. In: International Journal of Heat
and Mass Transfer, vol. 132, pp. 961-969. 2019.
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5.1 Experimental test-rig
A measurement campaign was performed at the Von Karman Institute (VKI) for ﬂows in
a similar single-started ribbed tube geometry. The experimental measurement section is
shown in Fig. 5.1.1. It is a straight pipe made of acrylic glass and a semi-circular rib made
of opaque acrylonitrile butadiene styrene is inserted on the inner pipe surface.
Figure 5.1.1: Experimental setup at VKI [145].
Figure 5.1.2 shows the single-started ribbed tube geometry considered in the present
chapter. It is a straight pipe of diameter D = 0.150 m, with an helicoidal rib inserted on
the inner surface. The ribbed tube is fully characterized by its diameter D, the rib height
e, the rib pitch p and the rib shape. The considered rib has a semi-circular shape, shown
in Fig. 5.1.3, with e = 5.4 mm and a corresponding width w = 2e = 10.8 mm. The rib
pitch is p = 63.0 mm. In this case the geometrical ratio p/e referred to in Chapter 3 is
equal to 11.6, the pipe roughness being a ’K-type’ roughness (p/e > 4) according to the
classiﬁcation introduced by Perry et al. [116]. For this kind of ribbed tubes, eddies of the
size of the roughness height are known to be shed from the roughness element into the bulk
ﬂow, enhancing turbulence and heat transfer. As the rib height is small compared to the
pipe geometry (e/D = 0.036), the blocking ratio is limited, leading to a moderate increase
of pressure loss compared to a smooth tube of diameter D. Consequently, this geometry
shows relevant characteristics for industrial steam-cracking applications.
Two series of experiment were performed. The ﬁrst one was for an adiabatic wall at a
Reynolds number equal to 24, 363, the second one for a heated wall at a Reynolds number
equal to 19, 935. In the adiabatic case, Stereoscopic Particle Image Velocimetry (S-PIV) was
performed between the 7th and the 8th rib periodic pattern of the tube, providing instanta-
neous ﬁelds of the three velocity components. For optical reason, the working ﬂuid used is
water. In the heated case, Liquid Crystal Thermography (LCT) was furthermore used to
measure the temperature on the tube inner surface, while an infrared camera was used to
measure the temperature on the external surface of the tube. This gives an estimation of the
heat ﬂux provided to the ﬂuid on the internal surface of the tube. The working ﬂuid used in
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Figure 5.1.2: Geometry of the simulated ribbed tube. Five periodic pitches are represented
but only one pitch is computed by means of LES.
e
w = 2e
Figure 5.1.3: Semi-circular rib shape.
the heated case is air. Note that due to the opacity of the rib, no data (neither velocity nor
temperature) is available on the top of the rib in both experiments. In addition, the heat ﬂux
is imposed below the rib and not directly on the rib surface, making it diﬃcult to estimate
the heat ﬂux between the rib surface and the ﬂuid. The results obtained experimentally are
published in [145] and are used in this chapter to validate the numerical methodology.
5.2 Computational domain and grid
In order to assess the capacity of LES to accurately predict the ﬂow dynamics inside artiﬁ-
cially roughened reactors, the ﬂow inside an helically ribbed tube is simulated and compared
to experimental measurements. This section presents the tube geometry and the associated
mesh resolution.
Industrial cracking reactors are typically several meters long. Simulating the complete
reactor would however be too time consuming and therefore another numerical methodology
must be used. Following the numerical methodology proposed by Zhu [143], it is chosen to
perform a periodic simulation inside a one pitch long domain. Therefore, the computational
domain is limited to a single pitch as represented in Fig. 5.1.2 and periodicity is imposed on
Case Re Ub Tb
[-] [m/s] [K]
Adiabatic 24, 363 2.47 297
Heated 19, 935 2.09 310
Table 5.1.1: Operating conditions for the adiabatic and heated cases.
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the two patches normal to the streamwise direction.
The mesh used for the ribbed tube simulation is fully unstructured and constituted of
1.36 million tetrahedral cells. The mesh resolution is presented in Figs. 5.2.1 and 5.2.2. To
accurately capture the ﬂow dynamics and heat transfer, it has been chosen to resolve the
boundary layer, avoiding the use of a wall law. Because of the complex ﬂow dynamics in the
near wall region, including several recirculation zones, ﬂow reattachment or acceleration, and
adverse pressure gradients, no classical wall law can be applied in such case. This resolution
criterion is farther motivated by the fact that the developed numerical methodology should
later be applied to a wide variety of internal roughness, making diﬃcult the use of a wall law
in the near wall region, as the local ﬂow dynamics is not known a priori. The inﬂuence of
the wall distance of the ﬁrst point in similar tube geometries was investigated by Zhu [143],
demonstrating that y+ ≈ 10 gives reasonably good results when compared to y+ ≈ 1 for
this type of ﬂow. In this work, the wall distance of the ﬁrst node y+ is thus set smaller
than 10 (∆x = 1.1 mm), making it feasible in terms of computational cost. Because of the
acceleration of the ﬂuid in the rib vicinity, the cell size is set twice smaller on the rib surface
to ensure the same resolution criterion y+ ≈ 10. The cell size is progressively increased
toward the pipe center (∆x = 5.3 mm), where it corresponds to classical LES resolutions.
5.3 Numerical methodology
Air is used to perform the simulation, with a bulk temperature of 297 K in the adiabatic case
and of 310 K in the heated case. The operating conditions for both cases are summarized
in Table 5.1.1. The pressure is ambiant, leading to a bulk density of 1.17 kg.m−3 in the
adiabatic case and 1.14 kg.m−3 in the heated case. In order to simulate the ﬂow in a steady
state using periodic boundary conditions, the methodology proposed by Zhu is used and
described below.
5.3.1 Equations for a steady flow in a periodic domain
Because of the periodicity of the ﬂow imposed by the computational domain, no axial pres-
sure gradient is present to ensure the ﬂow motion. Then, the steady state of the ﬂow with
non-zero average axial velocity is ensured thanks to the addition of an artiﬁcial mean pres-
sure gradient in the Navier-Stokes equations. This artiﬁcial pressure gradient takes the form
of a source term Sqdm in the axial momentum equation, together with its work counterpart
u × Sqdm in the energy equation. The momentum source term Sqdm is imposed constant in
the present chapter, and corresponds to the pressure loss in the domain. As the exact total
pressure loss is not known a priori, Sqdm is adjusted manually and iteratively from previous
simulations in order to reach the targeted bulk velocity given in Table 5.1.1.
Moreover for heated ﬂows, to establish a stationary regime, an additional source term Se
must be added to the energy equation. This additional source term, expressed in W.m−3,
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Figure 5.2.1: Mesh resolution and details at the wall in (a) the Z-normal plane and (b) the
X-normal plane.
is of negative value and is used to evacuate the heat provided by the hot wall. The value
of Se is imposed uniformly in the whole domain in order to avoid artiﬁcial perturbations of
the ﬂow and exactly corresponds to the total heat provided to the wall in order to conserve
energy in the periodic domain. Note that in the case of adiabatic walls, the imposed wall
heat ﬂux is equal to zero and then Se is set equal to zero.
Then, introducing the artiﬁcial source terms Sqdm and Se in the Navier-Stokes equations
presented in Eq. (2.1.1) to (2.1.4), the ﬂow equations to be solved become:
∂ρ
∂t
+
∂(ρui)
∂xi
= 0, (5.3.1)
∂(ρui)
∂t
+
∂(ρuiuj)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
+ Sqdm,i, (5.3.2)
∂(ρet)
∂t
+
∂(ρuiet)
∂xi
= − ∂qi
∂xi
− ∂(pui)
∂xi
+
∂(τi,jui)
∂xj
+ Q˙+ Se + uiSqdm,i, (5.3.3)
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Figure 5.2.2: Mesh resolution at the wall.
Note that no mass conservation equations for species k are solved, as only one species
representative of air is used in the present chapter.
5.3.2 The LES solver AVBP
All the simulations presented in this work were conducted with the high-ﬁdelity LES solver
AVBP, developed by CERFACS and IFPEN [199, 200]. AVBP solves the three-dimensional
compressible Navier-Stokes equations for turbulent reacting ﬂows, using unstructured or
hybrid meshes. Moreover, both DNS and LES approaches can be handled by AVBP, vari-
ous sub-grid turbulence model being implemented. The discretization of the Navier-Stokes
equations is based on the ﬁnite volume method, and the cell-vertex approach is used for
implementing ﬁnite-volume methods in AVBP. The discretization of convective ﬂuxes can
be done using two diﬀerent numerical schemes: the Lax-Wendroﬀ (LW) scheme (which is of
second-order in space and third order in time) and the TTGC scheme (third-order both in
space and time). Finally, as small oscillations may be generated by the numerical schemes
used in AVBP, artiﬁcial viscosity may be locally added to the equations to smooth very
sharp gradients. A sensor detects sharp local variations, locally applying artiﬁcial viscosity
if needed.
The reference dynamic viscosity of the mixture µref is estimated in AVBP at a reference
temperature Tref . The variation of mixture viscosity with temperature is accounted for using
a classical power law:
µ = µref
(
T
Tref
)b
(5.3.4)
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the coeﬃcient b being seta priori. Similarly to the reference viscosity, the Prandtl number
of the global mixture is estimated a priori from the properties of the species present in the
simulation. It should be noted that the variation of composition during reactions is not
taken into account in the calculation of the viscosity and the Prandtl number.
5.3.3 Numerical set-up
The numerical scheme used in this work to solve the equations is the TTGC scheme, which
is a third order scheme both in time and space [201]. The turbulence model used to close the
equations at sub-grid scale is the WALE model [54]. To be consistent with the experimen-
tal results, numerical statistics have been collected after 7 ﬂow-through times and during 7
ﬂow-through times. Considering the domain size and the bulk ﬂow velocity, this represents
a simulated physical time of about 0.36 s. All simulations were computed in parallel on 120
processors for a computational cost of approximately 6000 CPU hours each.
At the wall, velocity is imposed to zero (no-slip boundary condition). The wall heat
ﬂux is imposed equal to zero in adiabatic simulations, while the heat ﬂuxes experimentally
estimated are imposed in the heated simulations.
5.4 Analysis of WRLES of an adiabatic ribbed tube
Due to the presence of the helical rib, the mean ﬁelds are helically axisymmetric in the
ribbed tube. The average ﬂow parameters are then considered as functions of both the ra-
dial and the axial coordinates. In the following, the radial coordinate is normalized by the
pipe radius R, ranging from r/R = r+ = 0 at the pipe center to r+ = 1 at the pipe wall.
The axial distance X is normalized by the rib height, X/e = X+ = 0 being the position just
downstream the rib crossing the left periodic plane. Note that for axial cuts, only half of
the computational domain is illustrated due to the ﬂow symmetry.
5.4.1 Mean velocity fields
A ﬁeld of mean velocity magnitude normalized by the bulk velocity is displayed in Fig. 5.4.1,
comparing the measurements and the numerical simulation. LES reproduces the main fea-
tures of the ﬂow qualitatively well. A persistent, large and elongated recirculation zone is
observed close to the wall, starting just behind the rib at position X+ = 0 and extending
up to X+ = 4. Downstream the recirculation, the ﬂow reattaches close to position X+ = 4.
A second, smaller recirculation zone is visible just upstream the next rib, starting from
X+ = 8.5. Those observations are in good agreement with studies performed in ribbed
channel or pipe ﬂows including transverse ribs [102,114]. The mean ﬁeld of azimuthal veloc-
ity normalized by the bulk velocity is then shown in Fig. 5.4.2, comparing the measurements
and the numerical simulation. A strong swirling motion appears in the near wall region on
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both ﬁelds. The helical rib geometry is responsible for this non-zero azimuthal velocity which
contributes to the pressure loss as its extracts energy from the imposed pressure gradient.
To assess the accuracy of LES, the mean axial velocity proﬁles normalized by the bulk
velocity are displayed in Fig. 5.4.3 for the positions −1 (rib top), 1, 3, 5, 7 and 9. The
agreement between numerical and experimental proﬁles is very good. In particular, the re-
circulation zone downstream the rib is well captured by the LES, with a correct reattachment
close to X+ = 4. Note the ﬂow acceleration on top of the rib acting as an obstacle. Mean
radial velocity proﬁles are also in excellent agreement with the measurement, as shown in
Fig. 5.4.4. If the mean radial velocity is almost equal to zero in most of the domain, non-
negligible values can be observed at the rib top and between the ribs in the near-wall region.
This is due to the recirculation zones which locally generates radial motion. Finally, the
mean azimuthal velocity is investigated in Fig. 5.4.5. The helical rib induces a swirling
motion to the wall ﬂow that follows the rib. Consequently the azimuthal velocity is more
important in the near-wall region. In the experiment, the peak is located at r+ = 0.93,
corresponding to the rib top. Then the azimuthal velocity quickly decreases and is negligible
from r+ = 0.6. The LES is again in good agreement with the experiment, although the
maximum velocity is slightly under-predicted in front of the rib and is located closer to the
wall, possibly due to the y+ = 10 wall resolution.
5.4.2 Fluctuating velocity fields
As displayed in Fig. 5.4.6, root mean square (RMS) axial velocity proﬁles are in good agree-
ment with the experimental results. A peak is observed at r+ ≈ 0.9 downstream the rib,
close to the outer limit of the recirculation zone. This is due to the formation of a shear
layer on the rib edge, inducing vortex structures in the rib wake. The proﬁle looks closer to
a standard wall ﬂow further downstream.
Figure 5.4.7 shows RMS radial velocity proﬁles which are also in good agreement with
the experiment except close to the centerline. This is due to the coarser mesh at this location
than at the walls, the velocity ﬂuctuations being calculated there from the resolved ﬁltered
solutions. The sub-grid scale contribution, higher in the coarse mesh region, should be added
here. Note that if the mean radial velocity is almost zero except in the near-wall region, the
RMS radial velocity is non-negligible in the whole domain, and comparable to other RMS
velocity components, going up to 0.2 Ub in the near wall region. This means that turbulent
transport is the main process for radial mixing in the ribbed tube.
The main discrepancy between LES and experiment is found for azimuthal velocity ﬂuc-
tuations (Fig. 5.4.8) that are found twice smaller in the simulation, meaning that the swirling
motion may be not fully captured by LES. Like for the mean azimuthal velocity, the peak
location is found closer to the wall in the simulation. Close to the centerline, azimuthal
ﬂuctuations are almost null, here again possibly due to the coarser mesh at this location.
Note that, surprisingly, experimental results show azimuthal ﬂuctuations twice as important
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Figure 5.4.1: Adiabatic VKI ribbed tube. Streamlines in the central longitudinal plane,
colored by the normalized velocity magnitude. Comparison between measurements and
LES.
X+
X
+
r+ r+
(a) Experiment (b) LES
Figure 5.4.2: Adiabatic VKI ribbed tube. Mean azimuthal normalized velocity in the central
longitudinal plane. Comparison between measurements and LES.
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Figure 5.4.3: Adiabatic ribbed tube. Mean axial normalized velocity proﬁles at various axial
locations. Comparison between measurements and LES.
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Figure 5.4.4: Adiabatic ribbed tube. Mean radial normalized velocity proﬁles at various
axial locations. Comparison between measurements and LES.
as other velocity components, while the magnitude of velocity ﬂuctuations is found similar
for all components in the simulation.
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Figure 5.4.5: Adiabatic ribbed tube. Mean azimuthal normalized velocity proﬁles at various
axial locations. Comparison between measurements and LES.
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Figure 5.4.6: Adiabatic ribbed tube. RMS axial normalized velocity proﬁles at various
locations. Comparison between measurements and LES.
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Figure 5.4.7: Adiabatic ribbed tube. RMS radial normalized velocity proﬁles at various
locations. Comparison between measurements and LES.
Overall the LES gives a turbulence intensity of about 20% in the near wall region. The
important shear layer generated on the rib top due to the ﬂow acceleration at this location
is responsible for the creation of turbulent vortex structures in the rib wake. Those vortices,
appearing just above the recirculation zone, are responsible for the peak in velocity ﬂuctua-
tion and enhance the turbulent mixing in the tube. Such structures with important vorticity
are represented in Fig.5.4.9 by isosurface of Q-criterion. The Q-criterion (written Q) is a
scalar constructed from the velocity gradient tensor and is commonly accepted as a useful
criterion to visualize the coherent structures in an instantaneous ﬁeld. It is computed as:
Q =
1
2
(ΩijΩji − SijSji) (5.4.1)
with Ω and S the anti-symmetrical and symmetrical parts of the velocity gradient tensor
respectively. Due to the rib shape, the important rotating structures are highly elongated in
the azimuthal direction, and progressively lose intensity as they are transported downstream
the rib.
5.4.3 Turbulent viscosity
In the bulk ﬂow, the sub-grid scale contribution to the velocity ﬂuctuations remains small,
as shown in Fig. 5.4.10 which displays the proﬁles of turbulent viscosity given by the WALE
sub-grid scale model normalized by the laminar bulk viscosity. This assesses a well resolved
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Figure 5.4.8: Adiabatic ribbed tube. RMS azimuthal normalized velocity proﬁles at various
locations. Comparison between measurements and LES.
Figure 5.4.9: Adiabatic ribbed tube. Instantaneous isosurface of Q-criterion Q =
18 (U2b /D
2), colored by velocity magnitude. Flow is from left to the right.
simulation in the bulk ﬂow even in the pipe center region, where the mesh resolution is
coarser.
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Figure 5.4.10: Adiabatic ribbed tube. Radial proﬁles of the sub-grid scale turbulent viscosity
normalized by laminar viscosity at various axial locations given by LES.
5.4.4 Pressure loss
The momentum equation Eq. (5.3.2) is considered for a periodic pipe conﬁguration. Con-
sidering the axial momentum and integrating this equation over the whole domain result
in:
0 =
pressure drag︷ ︸︸ ︷
−
∮
Ω
P ~nx d~S+
friction drag︷ ︸︸ ︷∮
Ω
~τx d~S +
pressure loss︷ ︸︸ ︷∫
V
Sqdmx dV (5.4.2)
where Ω and V are the surface and the volume of the computational domain respectively,
and nx and τx are respectively the axial component of the (inward) wall-normal vector and
the stress vector deﬁned in Eq. (5.4.3) using the summation convention:
~τ = τ · ~n =

τxj nj
τyj nj
τzj nj
 =

~τx
~τy
~τz
 (5.4.3)
For a ribbed tube, the pressure loss is balanced by both the pressure drag and the fric-
tion drag. On the contrary, Eq. (5.4.2) shows that in a smooth tube, only the friction drag
contributes to the pressure loss, the pressure drag in Eq. (5.4.2) being zero as the axial
component of the wall-normal vector is zero.
99
5.4. ANALYSIS OF WRLES OF AN ADIABATIC RIBBED TUBE
Eq. (5.4.2) can be rewritten as a function of two coeﬃcients Cf and Pnorm:
0 = −1
2
ρbU
2
b
∮
Ω
(Cf + Pnormnx) dS +
∫
V
SqdmxdV (5.4.4)
where Cf is the local friction coeﬃcient deﬁned in Eq. (2.2.21) and Pnorm is the pressure
coeﬃcient deﬁned in Eq. (3.3.1).
The spatial evolution of the friction coeﬃcient Cf obtained in the ribbed tube conﬁg-
uration is compared in Fig. 5.4.11 to measurements at few locations, showing a very good
agreement. Note that friction is measured at a distance of 1.5 mm from the wall while the
LES resolution at the wall corresponds to a distance of approximately 1.3 mm which explains
a lower measured wall friction compared to LES. The maximum of Cf is located at the top of
the rib. The friction coeﬃcient in the ribbed tube is overall lower than the friction coeﬃcient
in a smooth tube at the same Reynolds number evaluated with the Petukhov correlation [77]
(Eq. (2.3.9)) (Cf,smooth = 0.00626). This is due to the recirculation zones induced by the
rib, where the friction coeﬃcient is negative as a result of the negative axial velocity. The
axial evolution of Pnorm is shown in Fig. 5.4.12. It increases progressively between two ribs,
and then sharply increases to reach a maximum on the upstream part of the rib. It then
decreases very fast along the rib to reach a negative value of −0.203 close to the rib top. It
ﬁnally comes back to 0 at X+ = 0 by deﬁnition. The local pressure coeﬃcient over the semi-
circular rib surface can be compared to the pressure coeﬃcient on the surface of a smooth
circular cylinder in an inﬁnite ﬂow ﬁeld, as displayed in Fig. 5.4.13. In this case, the ﬂow
develops around the cylinder, generating unsteady vortex shedding downstream the cylinder.
The evolution of Pnorm over the rib surface is then compared in Fig. 5.4.14 to the numerical
results of Cox et al. [202] over a cylinder surface in an inﬁnite ﬂow ﬁeld at Rec = 1000, based
on the cylinder diameter. In the ribbed tube presented here, Rec ≈ 1700 based on a charac-
teristic distance of two rib heights. The position on the rib / cylinder surface is represented
in Fig. 5.4.14 with the angle θ, θ = 0 corresponding to the front point. It is remarkable that
both curves exhibit the same overall shape, showing the similarity between the two ﬂows.
Pnorm on the rib surface is however much lower in the ribbed tube probably because of the
wall upstream the rib reducing the velocity of the ﬂow impacting it. The maximum of Pnorm
also shifts from θ = 0◦ to θ = 30◦ on the rib surface which might be the eﬀect of the small
recirculation zone upstream the rib. The position of the minimum of Pnorm is also shifted
from θ = 80◦ around a cylinder in a free ﬂow to θ = 100◦ on the rib surface of the ribbed tube.
The axial momentum balance (Eq. (5.4.2)) is summarized in Table 5.4.1, where the fric-
tion drag evaluated from the Petukhov correlation (Eq. (2.3.9)) for a smooth tube is also
reported for comparison. Note that because no experimental data were measured on the rib
surface, experimental pressure drag and total drag could not be provided. The total drag
τw is the sum of the friction and pressure drags and is about 5 times larger in the ribbed
tube than in the smooth tube using Eq. (2.3.9). As already mentioned, the friction drag in
the ribbed tube is lower than in the smooth tube, because of the recirculation zones and
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Figure 5.4.11: Adiabatic ribbed tube. Axial proﬁle of friction coeﬃcient Cf in the ribbed
tube.
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Figure 5.4.12: Adiabatic ribbed tube. Axial proﬁle of pressure coeﬃcient Pnorm in the ribbed
tube.
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Figure 5.4.13: Illustration of the ﬂow past a circular cylinder in an inﬁnite ﬂow ﬁeld.
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Figure 5.4.14: Adiabatic ribbed tube. Axial proﬁle of pressure coeﬃcient on the rib surface
and comparison with numerical results on a cylinder surface at Rec = 1000 [202].
the ﬂow shear stress in the attached zone. On the contrary, the pressure drag is very high
in the ribbed tube, approximately 15 times larger than the friction drag, and is responsible
for about 93% of the total drag. For a similar tube geometry and similar Reynolds number,
the experimental correlations from Vicente et al. [16] (Eq. (3.2.20)) and Ravigururajan and
Bergles [108] (Eq. (3.2.12)) give values of 22.7 × 10−3 and 22.0 × 10−3 for the normalized
pressure drag respectively, showing correct order of magnitude compared to the present LES.
Finally, results are shown in terms of global pressure loss in Table 5.4.2. The pressure loss
in the ribbed tube is very high, again about 5 times larger than in the smooth tube.
5.4.5 Boundary layer
The boundary layer, deﬁned as Ux < 0.99 Ub, is investigated from the mean axial velocity
ﬁeld in Fig. 5.4.15. The boundary layer thickness is shown to decrease above the rib because
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Friction Pressure Total
Case drag drag drag
(×10−3) (×10−3) (×10−3)
Ribbed 1.95 28.4 30.4
tube (31.2 %) (453 %) (486 %)
Smooth 6.26 0 6.26
tube (Eq. (2.3.9)) (100 %) (0 %) (100 %)
Table 5.4.1: Pressure and friction drag contributions normalized by (0.5 ρb U2b ) for the ribbed
tube and a smooth tube with same diameter. Percentages represent the contributions relative
to the total drag in a smooth tube according to Eq. (2.3.9).
∆P
[Pa/m]
Ribbed tube 3.37
Smooth tube (Eq. (2.3.9)) 0.60
Table 5.4.2: Global pressure loss for the ribbed tube and the smooth tube (Eq. (2.3.9)).
of the ﬂow acceleration at this location, and is minimum above the recirculation zone as
radial velocity drives the mean ﬂow toward the wall. It then increases in the reattachment
zone to be maximum at position X+ ≈ 6. The mean boundary layer thickness in the ribbed
tube corresponds to r+ = 0.75.
Ux/Ub = 0.99
Flow direction
Ux/Ub = 0
Figure 5.4.15: Mean axial velocity ﬁeld normalized by Ub. White lines mark zero axial
velocity and 99% of bulk velocity.
The boundary layer is classically analyzed in wall units, introducing the global wall shear
stress τw calculated from the total drag given in Table 5.4.1. The dimensionless velocity
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u+ = u/uτ , with uτ =
√
τw/ρb, is plotted against the non-dimensional wall distance y+
in Fig. 5.4.16. The result are signiﬁcantly diﬀerent from the standard logarithmic law for
smooth tubes (Eq. (2.2.11)) also reported. As shown by other authors [97], the wall shear
stress in the presence of ribs shifts the function u+(y+), by a roughness constant ∆u+,
with ∆u+ ≈ 10 for y+ > 200. Between two ribs, the wall shear stress in the presence of
ribs modiﬁes u+, introducing u+r = u
+/α and y+r = y
+ × α, where α =
√
τw/τw,s and the
subscript s indicates the value computed for a smooth tube from Eq. (2.3.9). Eq. (2.2.11)
becomes:
u+r =
[ 1
0.41
ln
(
y+r /α
)
+ 5.1
]
/α (5.4.5)
which can be recasted in:
u+r +
ln(α)
0.41α
=
1
0.41α
ln(y+r ) +
5.1
α
(5.4.6)
In comparison to Eq. (2.2.11) for smooth tubes, Eq. 5.4.6 introduces a constant shift in
u+ as well as a modiﬁed slope for the ribbed tube. This is what is observed in Fig. 5.4.16
a modiﬁed slope indicated by the red line, where α is computed from the total drag given
in Table 5.4.1 and is equal to 2.20. The velocity deviation between the logarithmic wall
law and Eq. (5.4.5), noted ∆u+, is commonly called the roughness function in wall rough-
ness studies [115]. In addition close to the wall, the u+ proﬁles signiﬁcantly diﬀer from
the modiﬁed logarithmic law due to the recirculation zone. At X+ = 1 and 3, above the
recirculation zone, the u+ proﬁles ﬁrst evolve linearly with the wall distance and abruptly
reconnect with the other proﬁles at y+ ≈ 70, which corresponds to the rib height. At the
rib location (X+ = −1), u+ starts with a sharp increase because of the ﬂow acceleration.
Similar axial velocity proﬁles in wall units are found in other studies including transverse
ribs [103,133,136].
5.5 WRLES of an heated ribbed tube
The experimental heat ﬂux proﬁle imposed at the wall between two ribs was measured at
VKI and is shown in Fig. 5.5.1. The wall heat ﬂux is lowered in the recirculation zone
downstream the rib and sharply increases until a distance of 3 rib height before reaching
a constant value (qw ≈ 240 W.m2). It corresponds to a total heat of 6.41 × 103 W.m3,
exactly compensated by the energy source term Se. It leads to a wall temperature gradient
of about 9.0 K.mm−1 which is too small to modify the ﬂow dynamics. For this reason, the
ﬂow dynamics in the heated simulation is not presented here, as the results are found similar
to the ﬂow dynamics in the adiabatic simulation.
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Figure 5.4.16: Adiabatic ribbed tube. Mean axial velocity proﬁle in wall units at several
axial locations.
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Figure 5.5.1: Proﬁle of wall heat ﬂux imposed to the wall in the VKI experiment.
5.5.1 Temperature profiles
The proﬁle of wall temperature Tw obtained numerically is compared to the experimental
one including measurement uncertainties in Fig. 5.5.2. The temperature proﬁle is reasonably
well retrieved, especially between the ribs. However the simulation slightly under-predicts
the temperature at the wall close to the ribs. Maximum error is found in the recirculation
zones, up to 7 K, maybe due to the uncertainty of the imposed ﬂux on the rib. On the
rib, the temperature strongly decreases as the higher velocity previously shown in Fig. 5.4.3
induces a higher heat transfer.
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Figure 5.5.2: Heated ribbed tube. Internal proﬁle of wall temperature.
5.5.2 Nusselt number
The local Nusselt number at the wall is deﬁned with the centerline temperature Tc instead
of the bulk temperature Tb to be consistent with the experiment, which leads to:
Nu =
qw D
λ (Tw − Tc) (5.5.1)
In the present case, Tc = 307.5 K. Figure 5.5.3 displays the local Nusselt number proﬁle
along the wall both from LES and experiment. Measurement uncertainties for a conﬁdence
interval of 95% are estimated to be 7.3% of the Nusselt number and added to the measure-
ments. Like for the wall temperature proﬁle, the Nusselt number is well predicted between
two ribs but is less accurate close to the rib. A progressive increase of heat transfer from
location X+ = 0 to the reattachment zone at position X+ = 4 where the Nusselt number is
maximum. Then the Nusselt number decreases smoothly until the next rib, slightly faster in
the experiment. This is to be related to the less accurate prediction of the wall temperature
in this zone. As for the wall temperature, the error on Nusselt number is minimum in the
reattachment zone, where it is smaller than the measurement uncertainty, and is greater in
the recirculation zones. Comparison between the simulation and the experiment is done be-
tween two ribs only, as no measurements are available on the rib. The mean Nusselt number
between two ribs is 96.03 in the experiment and 107.5 in the simulation, which means a dif-
ference of approximately 12%. A global mean value of 121 is found for the Nusselt number
in the ribbed tube when including the rib surface, while in the smooth tube the Nusselt
number computed with the Dittus-Boelter correlation [82] (Eq. (2.3.13)) is found equal to
53.3. The Nusselt number in the ribbed tube is approximately 2.3 times higher than in the
smooth tube, assessing the beneﬁt of the ribbed tube in terms of heat transfer.
Global Nusselt number obtained from the LES is compared to the empirical correlations
of Vicente et al. [16] (Eq. (3.2.21)) and Ravigururajan and Bergles [108] (Eq. (3.2.17)) for
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Figure 5.5.3: Heated ribbed tube. Experimental and numerical Nusselt number proﬁles.
similar ribbed tube geometry in Fig. 5.5.4. The Vicente correlation global Nusselt number
is equal to 109.8 while the correlation from Ravigururajan and Bergles gives Nug = 117.6
in the ribbed tube for a Reynolds number of 19, 935. The discrepancy between the mea-
surements can be explained by the range of validity of the correlations, the correlation from
Vicente et al. being established from higher Prandtl numbers (Pr > 2.5) and longer rib
pitch (p/D > 0.6) than the current conﬁguration. For this reason, the correlation from Rav-
igururajan and Bergles seems more appropriate for comparison withe experimental results.
The simulation remains in good agreement with those correlations, a diﬀerence of 2.9% being
observed between the simulation and the prediction of Ravigururajan and Bergles.
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Figure 5.5.4: Heated ribbed tube. Global Nusselt number, compared to empirical correla-
tions from Vicente et al. [16] for similar ribbed tubes, and the Dittus-Boelter correlation for
smooth tubes [82].
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Results of Fig.5.5.3 can also be displayed in terms of enhancement factor (EF), deﬁned
as the ratio of Nusselt numbers in a ribbed and a smooth tube with same diameter:
EF =
Nu
Nus
(5.5.2)
Being greater than 1 almost everywhere, the enhancement factor displayed in Fig. 5.5.5
clearly shows that the ﬂow dynamics in the ribbed tube greatly increases the heat transfer
compared to a smooth tube. The maximum EF is located on the rib top, where it reaches
a value of 4.0. Between two ribs, maximum EF is found close to the reattachment position
(X+ ≈ 3), just downstream the recirculation zone, where it reaches a value of about 2.2.
The mean EF between two ribs is reduced to 1.74 in the experiment and 1.94 in the simula-
tion, still suﬃciently high to impact chemical processes of steam-cracking or heat exchangers
eﬃciency.
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
-2  0  2  4  6  8  10
E
F
 [
-]
X/e
Experiment
Simulation
Figure 5.5.5: Heated ribbed tube. Enhancement Factor (EF) at the wall.
5.6 Conclusions
In this chapter, the non-reacting turbulent ﬂow in a ribbed tube has been investigated using
the LES code AVBP. A numerical methodology, based on a wall resolution smaller than
y+ = 10 in wall units and a periodic domain has been used, following the work of Zhu [143].
Very good agreement with the measurements is found in terms of ﬂow dynamics and
pressure loss. The ﬂow dynamics is found much diﬀerent than in a smooth tube, as the im-
portant shear stress on the rib top leads to a vortex shedding in the rib wake which enhances
both the turbulence intensity in the near-wall region and the radial mixing. Moreover, the
helical rib shape induces an important swirling motion between the ribs. Pressure drag is
found to be the main contribution to the total drag in the ribbed tube, the friction drag
being much smaller. Due to the rib shape, pressure losses are about 5 times higher in the
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ribbed tube than in a smooth tube. Heat transfer is also found well reproduced by LES,
which shows correct wall temperature and Nusselt proﬁles. Enhanced turbulence has a great
impact on the thermal behavior, leading to a thicker thermal boundary layer and enhanced
heat transfer by a factor of 2.3. In particular, maximal heat transfer eﬃciency is found on
the rib and near the reattachment line, due to the ﬂow acceleration on the rib and to the
vortex shedding increasing radial mixing.
The numerical methodology, consisting in a one-pitch long computational domain (L = p)
using a periodic conﬁguration, combined with the introductions of the source terms Sqdm and
Se in the ﬂow equations is found well adapted for the simulation of ribbed tubes with heat
transfer at the wall. It is accurate both in terms of ﬂow dynamics and heat transfer, and is
a good trade-oﬀ between accuracy and computational cost. This methodology will be used
for the simulation of steam-cracking applications with various reactor shapes in the next
chapters.
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Chapter 6
Methodology for the simulation of
cracking reactors
In this chapter, a numerical methodology is proposed to accurately simulate the
steam-cracking process within a reasonable computational time. Cracking reactors
being about 10 meters long, spatial simulations of the complete reactor would
be too time-consuming and cannot be done with LES. For this reason, a speciﬁc
numerical methodology which involves periodic domains is proposed, allowing a
considerable reduction of the computational cost. Simulating cracking reactors in a
periodic domain is however far from being easy, the unsteadiness of the simulation
in the periodic domain raising several issues to be treated.
In the ﬁrst part of this chapter, the speciﬁc methodology which allows the simula-
tion of a stationary reactor within a periodic domain is presented. Then, the second
section describes the ﬂow equations to solve in the speciﬁc case of unsteady, heated
and reactive ﬂow in a periodic domain. The third section deals with the com-
parison between periodic and spatial laminar non-reacting ﬂows and investigates
the diﬀerence in terms of ﬂow establishment. The fourth section presents reacting
simulations of the industrial steam cracking process performed both with spatial
and periodic methodologies, and the error induced by the periodic methodology
is assessed by comparison with the spatial simulations. Finally, the ﬁfth section
focuses on the speciﬁc issue of ﬂuid residence time for reacting ﬂows in periodic
domains.
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6.1. SIMULATION OF A SPATIAL REACTOR WITHIN A PERIODIC DOMAIN
Cracking coil reactors running in the furnace are typically several tenths meters long.
Even millisecond reactors which target severe cracking conditions, with high temperature
and short residence time, are usually more than 10 meters long. In addition, the high
Reynolds number requires ﬁne mesh resolution for LES. At the end, LES of 10 meters long
reactors including internal roughness at the wall and chemistry are by far too expensive
for current computation capacities. Instead, the ﬂow is simulated within a small, periodic
computational domain. This however requires a speciﬁc numerical methodology that is de-
scribed in the current chapter.
6.1 Simulation of a spatial reactor within a periodic
domain
Figure 6.1.1 illustrates a tubular thermal cracking reactor. The gaseous mixture of reactants
(feedstock) enters the reactor and is then heated from the wall in order to promote chemical
reactions and produce oleﬁns. The mean ﬂow in the reactor is steady, with the temperature
spatially increasing from the coil inlet to the coil outlet thanks to the heat provided at the
wall and despite the endothermic reactions. Conversely, the pressure decreases from the coil
inlet to the coil outlet due to the friction and pressure drags along the walls. The chemical
composition also evolves spatially and the ﬂow properties change between the coil inlet and
the coil outlet.
Heat Flux
<latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit>
Heat Flux
<latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit><latexit sha1_base64="n4+cSVKqgnGXJZJ8JmDZ9JHWolQ="></latexit>
Feedstock
<latexit sha1_base64="QP64/Isr2px/vp265MMnRM8Z0Wo="></latexit><latexit sha1_base64="QP64/Isr2px/vp265MMnRM8Z0Wo="></latexit><latexit sha1_base64="QP64/Isr2px/vp265MMnRM8Z0Wo="></latexit><latexit sha1_base64="QP64/Isr2px/vp265MMnRM8Z0Wo="></latexit>
Products
<latexit sha1_base64="5WVeoq7tkaSMfvcQbgLZf+aNuww="></latexit><latexit sha1_base64="5WVeoq7tkaSMfvcQbgLZf+aNuww="></latexit><latexit sha1_base64="5WVeoq7tkaSMfvcQbgLZf+aNuww="></latexit><latexit sha1_base64="5WVeoq7tkaSMfvcQbgLZf+aNuww="></latexit>
P
<latexit sha1_base64="ReblZE/fN5+4az/KR1ASdywoc/o="></latexit><latexit sha1_base64="ReblZE/fN5+4az/KR1ASdywoc/o="></latexit><latexit sha1_base64="ReblZE/fN5+4az/KR1ASdywoc/o="></latexit><latexit sha1_base64="ReblZE/fN5+4az/KR1ASdywoc/o="></latexit>
T
<latexit sha1_base64="RmBcAnPFK/FT87/+Urt+JuY6PE0="></latexit><latexit sha1_base64="RmBcAnPFK/FT87/+Urt+JuY6PE0="></latexit><latexit sha1_base64="RmBcAnPFK/FT87/+Urt+JuY6PE0="></latexit><latexit sha1_base64="RmBcAnPFK/FT87/+Urt+JuY6PE0="></latexit>
Figure 6.1.1: Illustration of the cracking process in a reactor.
This so-called ”spatial” reactor (mean variables evolve spatially) can be converted into
a ”temporal” reactor (mean variables evolve with time) in a periodic conﬁguration as illus-
trated in Fig. 6.1.2. The small periodic domain is considered to describe the ﬂow viewed
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by an observer moving at the bulk velocity Ub. Spatially averaged quantities in the periodic
conﬁguration vary with time, and correspond to the averaged quantities of the spatial reactor
via:
u(xs, r) = <u(tt, r)> (6.1.1)
where xs is the axis location in the spatial case, tt is the time of the temporal case, r is the
radial location, < · > denotes a spatial averaging in the temporal reactor and ·¯ denotes a
temporal averaging. Both averaged quantities are the solutions of the same equation, where
the diﬀerent boundary conditions lead to vanishing terms:
∂u
∂t
= 0 and
∂<u>
∂x
= 0 (6.1.2)
However introducing X = x+ ut, the following change of variable can be made :
∂
∂X
=
∂
∂x
+
1
u
∂
∂t
=
∂
∂x
for u
=
1
u
∂
∂t
for <u>
(6.1.3)
leading ﬁnally to the same equation for both u and <u>. If in addition the ﬂow is fully
developed, i.e., stationary, the same boundary conditions apply at inlet and outlet and
Eq. (6.1.1) is exact, with xs(tt) = x0 + utt. Note however that the exact correspondence
between the two average quantities uses u and not Ub, i.e., a non-uniform proﬁle in the
transverse direction. However the variation mostly occurs in the boundary layer where the
velocity is small and Ub may be used without introducing signiﬁcant error. In the case of
developing ﬂow, as in our application, the inlet and outlet ﬂows diﬀer, which may introduce
an additional bias. The correspondance between xs and tt now writes:
xs(tt) = x0 +
∫ tt
0
u(xs(t∗t ), r) dt
∗
t ∼ x0 +
∫ tt
0
Ub dt
∗
t (6.1.4)
The simulation of unsteady ﬂows within a periodic domain has been performed in the
past few years to study the laminar to turbulence transition is pipes [203–205]. In the current
work, unsteady periodic simulations are used to simulate the full reactor ﬂow, each simulation
time step representing a new axial location of the reactor corresponding to one ﬂow steady
state, as represented in Fig. 6.1.1. This methodology for the simulation of non-equilibrium
chemical processes was recently applied by Van Cauwenberge et al. [206] and to the authors
knowledge, except for the work of Zhu [143], no literature is available for such simulations.
As stated by Van Cauwenberge et al. [206], the magnitude of the periodic domain motion in
the full reactor is the bulk velocity of the ﬂow, so the correspondence between the periodic
simulation time and the full length reactor axial location is given by Eq. (6.1.4).
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Physical reactor
Periodic domain
x(t0) x(t1) x(t2)
Ub
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Figure 6.1.2: Illustration of the correspondence between a temporal simulation (periodic
domain) and a spatial simulation (full domain).
6.2 Conservation equations for heated, reacting flow
Reacting ﬂows are not isothermal and the temperature is allowed to evolve in space and
time as a result of wall heat transfer and chemical reactions. Therefore, no additional
energy source is required for the temporal case. On the contrary the momentum source
term Sqdm remains mandatory in order to ensure the ﬂow motion in the domain, as axial
pressure gradient is not allowed in the periodic domain. In addition, as evolution of the ﬂuid
enthalpy changes the density, a mass source term Sρ must be applied to describe this eﬀect.
Indeed, the periodic simulation being mass conservative and at constant volume, it does not
allow any change of density. Note that this change of density also aﬀects Sqdm, which must
therefore evolve accordingly in the temporal simulation and can not be kept constant as in
the steady case. Due to the conservative from of the equations, Sρ appears on all transport
equations as:
∂ρ
∂t
+
∂(ρui)
∂xi
= Sρ, (6.2.1)
∂(ρui)
∂t
+
∂(ρuiuj)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
+ Sqdm,i + uiSρ, (6.2.2)
∂(ρet)
∂t
+
∂(ρuiet)
∂xi
= − ∂qi
∂xi
− ∂(pui)
∂xi
+
∂(τi,jui)
∂xj
+ Q˙+ uiSqdm,i + ρetSρ, (6.2.3)
with the source term Sρ being deﬁned as follows:
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Sρ =
dρ
dt
∣∣∣∣∣
∆H
=
d
dt
(
P/rT
)∣∣∣
∆H
∼ 1
rT
dP
dt
+ P
d
dt
( 1
rT
)∣∣∣∣∣
∆H
(6.2.4)
with ρ = ρ(t) = <ρ>, and ∆H indicates a change due to the enthalpy variation induced by
heat and chemistry.
The time derivative of pressure dP/dt corresponds to the momentum source term Sqdm,
so that the mass source term is ﬁnally computed from:
Sρ =
1
rT
Sqdm × Ub + P d
dt
( 1
rT
)∣∣∣∣∣
∆H
(6.2.5)
The time derivative d/dt
(
1/rT
)
is computed in the simulation using spatial averages.
6.3 Flow development in a simple case
To validate the use of periodic domains, comparison between spatial and temporal cases are
presented. The ﬁrst test case consists in a simple two-dimensional laminar channel ﬂow with
adiabatic walls. The ﬂow being non-reactive, only pressure and velocity proﬁles are expected
to vary signiﬁcantly between the inlet and the outlet. In the periodic domain, this pressure
variation is expected to be accurately retrieved by a constant source term Sρ. Initial condi-
tions in the temporal simulation are taken similar to uniform inlet conditions in the spatial
simulation. The objective of the test case is to investigate the progressive development of
the ﬂow in both temporal and spatial conﬁgurations.
6.3.1 Spatial simulation
The spatial computational domain is a 10 meter long, two-dimensional channel. The channel
height is equal to δ = 0.05 m, and both walls are set adiabatic. All cells are rectangular, of
size 5 × 1.67 mm2, which makes a total of 60, 000 cells in the computational domain. The
ﬂuid is air under atmospheric pressure, and the temperature in the channel is uniform and
equal to 300 K. Streamwise velocity proﬁle is injected uniform at the inlet and equal to 0.58
m/s. The resulting Reynolds number is Re = 1908, which ensures a laminar ﬂow.
6.3.2 Periodic simulation
The periodic domain is shown in Fig. 6.3.1. It consists in a two-dimensional channel, with
a length L = 0.1 m and the same height δ = 0.05 m as in the spatial case. The mesh
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resolution is also similar to the spatial case, resulting in a total of 600 cells. Air temperature
is set constant and equal to 300 K, and the ﬂow remains under atmospheric pressure. The
constant streamwise velocity in the domain is initially equal to 0.58 m/s.
Adiabatic Wall
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Figure 6.3.1: Two-dimensional mesh used for the temporal simulation of channel ﬂow devel-
opment.
6.3.3 Streamwise velocity profiles
Figure 6.3.2 shows the streamwise velocity proﬁles at diﬀerent reactor axial locations / time.
It can be seen that, if the velocity proﬁles are found in quite good agreement between the
two simulations, they are not exactly similar. In the temporal simulation, the streamwise
velocity appears slightly higher in the near wall region and slightly lower in the central
region, leading to the same mass ﬂow rate. At the end, both proﬁles have converged to
the same analytical solution (see Fig. 6.3.3). This shows that the temporal simulations is
slightly slower in establishing the ﬂow. This eﬀect is the consequence of the radial velocity
diﬀerence, as shown in the next section.
6.3.4 Radial velocity profiles
Radial velocity proﬁles are found to diﬀer signiﬁcantly between the two simulations. This
velocity component is found to remain uniformly equal to zero at all times in the periodic
domain, while non-null radial velocity is observed in the spatial case, although it remains
small in comparison with streamwise velocity. This behavior is simply explained by mass
conservation (Eq. (6.2.1)). Indeed, under the hypothesis of constant density, two-dimensional
ﬂow, Eq. (6.2.1) becomes:
∂u
∂x
+
∂v
∂y
= 0 (6.3.1)
In spatial conditions, ∂u/∂x 6= 0 until the ﬂow is fully developed and stable, leading to
∂v/∂y 6= 0 from Eq. (6.3.1). Note that with the progressive establishment of the ﬂow, the
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x = 0.2 m / t = 0.345 s
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Figure 6.3.2: Streamwise velocity proﬁles in both the temporal and spatial domains at
diﬀerent axial locations / times.
radial velocity magnitude decreases along with the decrease.
In periodic conditions, all gradients in the axial direction are zero, which immediately
leads to:
∂v
∂y
= 0 (6.3.2)
As the no-slip condition imposes v = 0 at the wall, it follows from Eq. (6.3.2) that
v(x, y) = 0. This result points out a fundamental diﬀerence between periodic and spatial
channels concerning the radial velocity component which has a signiﬁcant impact on the ﬂow
development.
6.4 Steam-cracking reactor
Temporal and spatial simulations are now performed for steam-cracking, in typical industrial
operating conditions for a smooth millisecond reactor. Because of the extremely important
computational cost associated with a 10 m long spatial simulation, only the ﬁrst meter of
the reactor is simulated, which is considered suﬃcient for the purpose of comparison.
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Figure 6.3.3: Converged streamwise velocity proﬁles in both the temporal and spatial do-
mains.
6.4.1 Spatial simulation
A 1.035 meters long reactor is simulated. Following the methodology developed by Zhu [143]
and validated in Chapter 5, the mesh is fully unstructured and constituted of 47.1 million
tetrahedral cells. In order to be consistent with the methodology validated in the previous
chapter, no wall law is applied and the mesh resolution at the wall holds a dimensionless
distance of y+ ≈ 10. The mesh is represented in Fig. 6.4.1. A heat ﬂux, which magnitude
evolves along the reactor, is imposed on the wall. The heat ﬂux evolution is chosen in order
to be representative of industrial operating conditions and shown in Fig. 6.4.2.
Figure 6.4.1: Unstructured mesh in a longitudinal cut plane (left) and in the pipe cross-
section (right).
A temperature of 909.15 K and a uniform streamwise velocity of 52.6 m/s are imposed at
the inlet. A mass ﬂow rate of 235.625 kg.hr−1 is targeted. Finally, pressure must be imposed
at the outlet. Due to the enthalpy variation, the target outlet value is not known and must
be adjusted to lead to an inlet pressure of 236.0 kPa, which is representative of smooth mil-
lisecond reactors. In this work, this adjustment was taken from the periodic conﬁguration,
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Figure 6.4.2: Imposed wall heat ﬂux as a function of the axial location.
which gives the outlet pressure as a simulation output (see next section).
The mixture injected at the reactor inlet is set to a mass fraction of 0.69 for butane
(C4H10) and 0.31 for water steam (H2O), and is representative of the industrial conditions
for thermal cracking of butane. The mixture viscosity is set equal to 2.732×10−5 kg.m−1.s−1
at the reference temperature of 909.15 K and varies according to a power law. The Prandtl
number is set constant and equal to 0.71. The chemical mechanism used in the current
section has been reduced from a very detailed one from Politecnico di Milano 1 [159] and is
composed of 27 species, among which 17 are transported species and 10 are put under QSS
approximation, and 227 reactions. Because the capacity of this mechanism to accurately
predict the species production during steam cracking process is not the main concern of this
chapter, the reduced mechanism and its comparison with the detailed mechanism are not
presented. More information about chemical mechanism reduction and the QSS approxi-
mation are given in Chapter 7, and a detailed description of the chemical kinetics and of
the mixture properties used in the current chapter are available in Appendix A. It should
be noted that, although this chemical mechanism is found to signiﬁcantly over-predict the
production of propene, it is used only in this chapter and will not be used is the next chapters
of this manuscript.
The simulation was run until steady state was reached in the reactor, for a computing
time of 300,000 CPU hours. This makes the simulation of a longer reactor prohibitive and
justiﬁes a posteriori the case of a shorter reactor length.
1http://creckmodeling.chem.polimi.it/menu-kinetics/menu-kinetics-detailed-mechanisms/menu-kinetics-
complete-mechanism
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6.4.2 Periodic simulation
The periodic domain consists of 1/15 of the spatial case, i.e. a 69.11 mm long pipe. The
heat ﬂux and initial ﬂow conditions are taken similar to the spatial case. Initial streamwise
velocity is set to 52.6 m/s, and initial temperature is set to 909.15 K. Pressure is also initially
imposed in the domain to 236.0 kPa. Initial mixture is the same as in the spatial conﬁgu-
ration, including the same initial composition, same thermal properties and same reaction
network.
6.4.3 Comparison of bulk properties
Bulk streamwise velocity evolution is represented in Fig. 6.4.3. Very good agreement is
found, the source term Sqdm ensuring similar mass ﬂow rate in both simulations. This result
is of primary importance, since bulk velocity is used for the correspondence between the
temporal and spatial simulations.
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Figure 6.4.3: Evolution of bulk streamwise velocity in spatial and temporal computational
domains.
Pressure evolution is displayed in Fig. 6.4.4. It should be remembered that pressure is
imposed at the outlet in the spatial case, and it is imposed the same at the outlet in the
temporal case. The pressure loss is found quite diﬀerent at the reactor inlet, with a lower
inlet pressure in the spatial case. As in a smooth pipe ﬂow pressure loss is only due to
wall friction, it is assumed that this is due to a diﬀerent ﬂow development in the ﬁrst few
centimeters of the reactor, to be linked with the diﬀerent boundary conditions. This eﬀect is
however limited, as diﬀerence in pressure loss is only observable until a distance of x = 0.3
m, with a maximum of ∆P = 850 Pa at the inlet, which represents a relative diﬀerence of
about 0.36 % of the mean pressure. In a 10 meters long reactor, the error relative to the
total pressure drop would be even lower.
Figure 6.4.5 represents the evolution of mean density in the reactor, with both the spa-
tial and the temporal methodologies. Although only initial density was imposed the same,
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Figure 6.4.4: Evolution of pressure in spatial and temporal computational domains.
it is remarkable that the evolution of bulk density is very similar in both cases. This is
the consequence of a good agreement in the evolution of bulk temperature, as shown in
Fig. 6.4.6, with a maximum diﬀerence of about 5 K being observable at a distance x = 0.32
m from the inlet. The ﬂuid properties being identical (Pr and λ), possible diﬀerence in bulk
temperature could only be caused by a diﬀerent turbulent mixing and ﬂow development. It
appears that it is not the case and that the temporal simulation is equivalent to the spatial
case for the ﬂow and temperature.
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Figure 6.4.5: Evolution of mean density in spatial and periodic computational domains.
6.4.4 Velocity profiles
Streamwise velocity proﬁles are shown in Fig. 6.4.7 at various axial locations / times in the
reactor. It appears that the ﬂow establishes diﬀerently in the two cases due to the periodic
formalism as velocity proﬁles are found diﬀerent in the ﬁrst part of the reactor. This diﬀer-
ence however tends to reduce as the ﬂow progressively establishes, and only small diﬀerences
are observable in the center of the reactor at the outlet (x = 1 m), although the ﬂow is
not yet fully established. Although in quite good agreement after x = 0.5 m, the velocity
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Figure 6.4.6: Evolution of bulk temperature in spatial and periodic computational domains.
gradient at the wall is more important in the periodic case near the inlet, explaining the
diﬀerence in pressure loss observed in Fig. 6.4.4. Although the diﬀerence in velocity proﬁle
is expected to disappear in the ﬁrst meters of the reactors it may however have a small
impact on temperature and chemical production. Mean radial velocity near the inlet is
slightly more important in the spatial simulation than in the temporal simulation due to the
periodic methodology, as seen in the previous section. Mean radial velocity remains much
smaller than mean streamwise velocity, and mean radial velocity proﬁles are found noisy due
to the turbulent nature of the ﬂow despite signiﬁcant temporal or spatial averaging in the
spatial and in the temporal simulation respectively. For this reason, interpretation of the
mean radial velocity proﬁles is not easy and the proﬁles are not displayed in the current work.
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Figure 6.4.7: Mean streamwise velocity proﬁles at diﬀerent axial locations / times in the
reactor.
Velocity ﬂuctuations are represented in Figs. 6.4.8 and 6.4.9 for the streamwise and ra-
dial components respectively. Streamwise velocity ﬂuctuations are found slightly diﬀerent
between the two simulations. In particular, those ﬂuctuations are found more important
in the periodic domain where it can be found up to 2 times more important. Streamwise
velocity ﬂuctuations are in good agreement in the center of the pipe, where mean velocity
in the periodic case is however not established, keeping a low magnitude in both cases. It
should be noted that the peak in streamwise ﬂuctuations, located in the near wall region, is
in good agreement between temporal and spatial simulations, both in terms of magnitude
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and distance to the wall, from the inlet to the outlet. This assesses a fast convergence of
streamwise velocity in the near-wall region.
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Figure 6.4.8: Mean streamwise velocity ﬂuctuations at diﬀerent axial locations / times in
the reactor.
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Figure 6.4.9: Mean radial velocity ﬂuctuations at diﬀerent axial locations / times in the
reactor.
Similarly, ﬂuctuations of radial velocity are found diﬀerent between the two simulations.
The diﬀerent ﬂow development due to the periodic methodology in the temporal simulation
leads to velocity ﬂuctuations up to 3 times more important. The peak in radial velocity ﬂuc-
tuations however slightly decreases in the second half of the temporal reactor (after t = 0.010
s), and similar values between both simulations could be expected farther downstream as
the ﬂow fully develops.
6.4.5 Temperature profiles
Temperature proﬁles are shown in Fig. 6.4.10 at the same axial locations / times, and found
in good agreement between the two cases, in particular near the inlet, as initial conditions
are set similar. Due to the diﬀerence in ﬂow development, small diﬀerences in the temper-
ature proﬁles however arise. Temperature is found very slightly lower in the central region
of the reactor in the periodic domain, due to lower radial mixing in this zone which induces
a delay in the warming of the ﬂow. This cooler zone progressively shifts toward the pipe
center as the proﬁle establishes from the wall to the pipe center and velocity ﬂuctuations
progressively increase in the central region. Because of more important velocity ﬂuctuations
in the periodic domain after some simulation time in the near-wall region, the temperature
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is very slightly more important in this zone from x = 0.5 m to x = 1 m.
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Figure 6.4.10: Mean temperature proﬁle at diﬀerent axial locations / times in the reactor.
6.4.6 Species mass fractions
Finally, species mass fractions in both the periodic and the spatial domains are compared.
Mean butane and ethylene mass fractions are displayed in Fig. 6.4.11. Both are accurately
predicted in the largest part of the reactor, from the inlet up to about x = 0.6 m. Further
downstream however, butane conversion is found under-estimated by the temporal simula-
tion, the ﬁnal diﬀerence in butane conversion reaching 0.39% at the outlet. Butane being
the only reacting species injected at the inlet, this under-estimation has an impact on the
production rate of all produced species which are under-estimated by the same proportion,
as shown for ethylene in Fig. 6.4.11.
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Figure 6.4.11: Evolution of mean butane and ethylene mass fractions in spatial and periodic
computational domains.
As an example of species production, proﬁles of butane mass fraction are compared in
Fig. 6.4.12. At locations x = 0.1064 m / t = 0.002 s and x = 0.5405 m / t = 0.010 s, i.e. in
the ﬁrst part of the reactor, the slight diﬀerence in butane conversion is easily explained by
the temperature proﬁles. Indeed, locally higher temperature in the reactor logically leads
to a locally higher butane conversion. Near the outlet, butane conversion is lower in the
central region of the periodic pipe, which is also a consequence of lower temperature in this
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zone. However, lower butane conversion is also observed in the near wall region, which is in
contradiction with the slightly higher local temperature.
 0
 0.002
 0.004
 0.006
 0.008
 0.01
 0.012
 0.014
 0.016
 0.018
 0.683  0.684  0.685  0.686  0.687  0.688  0.689  0.69
R
a
d
ia
l 
p
o
s
it
io
n
 [
m
]
Y C4H10 [-]
Periodic simulation
Spatial simulation
 0
002
004
006
008
01
012
014
016
018
 0.645  0.65  0.655  0.66  0.665  0.67  0.675  0.68  0.685  0.69
Y C4H10 [-]
Periodic simulation
Spatial simulation
 0
002
004
006
008
01
012
014
016
018
 0.61  0.62  0.63  0.64  0.65  0.66  0.67  0.68  0.69
Y C4H10 [-]
Periodic simulation
Spatial simulation
x = 0.9913 m / t = 0.018 s
<latexit sha1_base64="MWl5Nw7LzTV7Lyz2Qo6AMu4y9J8="></latexit><latexit sha1_base64="MWl5Nw7LzTV7Lyz2Qo6AMu4y9J8="></latexit><latexit sha1_base64="MWl5Nw7LzTV7Lyz2Qo6AMu4y9J8="></latexit><latexit sha1_base64="MWl5Nw7LzTV7Lyz2Qo6AMu4y9J8="></latexit>
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Figure 6.4.12: Mean butane mass fraction proﬁle at diﬀerent axial locations / times in the
reactor.
Note that similar conclusions can be drawn from the mass fraction proﬁles of other
chemical species. Therefore, it appears that the ﬂow development, which is known from
the previous section to diﬀer between the periodic and the spatial formalism, is not the only
reason for the observed small diﬀerence in chemical production in the reactors. In particular,
chemical behavior in the near wall region requires further investigations, which is done in
the next section.
6.5 Fluid residence time
One of the main assumption of temporal simulations is that the space - time transformation
given by Eq. (6.1.4) holds uniformly throughout the domain. This implies a uniform resi-
dence time in the reactor. In reality, due to the radial gradient of the mean velocity, ﬂuid
particles in the near wall region have a longer residence time than ﬂuid particles staying in
the central region of the reactor, as represented in Fig. 6.5.1. The residence time being a key
factor for chemical conversion, this may signiﬁcantly impact the chemical yield. Although
this eﬀect is expected to be limited for intense turbulence and long reactors, where all parti-
cles are expected to undergo all ﬂow regimes, leading to statistically similar residence time,
this eﬀect needs to be investigated.
t0
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Figure 6.5.1: Illustration of the transport of ﬂuid particles (shaded zones) in a tubular
reactor, inducing diﬀerent residence times. Image adapted from [206].
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Note that this eﬀect is negligible for quantities having near zero axial evolution where
the radial velocity changes, as is the case for velocity.
6.5.1 Correction of the flow residence time
Using Ub instead of u for the correspondance between the spatial and temporal cases may
introduce a signiﬁcant error for chemistry, which is important in the near wall region where
u experiences changes with r. Indeed, ﬂuid particles behave as if they had a residence time
equal to xs/Ub, instead of xs/u. By multiplying the temporal source term by:
<ωk>
∗ = <ωk>
Ub
u
(6.5.1)
the residence time of the spatial case is recovered and:
<ωk>
∗(Ub, tt) ∼ ωk(xs) (6.5.2)
From Eq. (6.5.1), it appears that production terms of species k responsible for the vari-
ation of the species mass fraction must be multiplied by a factor Ub/u. Then, ﬂuid particles
moving at velocity u = Ub do not require any chemical correction. In the center of the
pipe, the mean streamwise velocity is expected to be slightly more important than the bulk
velocity, and the correction factor should decrease the species production rates according to
Eq. (6.5.1). On the contrary, the ﬂow in the near-wall region experiences a mean streamwise
velocity much smaller than the bulk velocity, and the correction factor increases the species
production rate to account for the lower residence time.
The correction factor of Eq. (6.5.1) shows similarities with the correction factor proposed
by Van Cauwenberge et al. [206], based on the intuitive concept of local ﬂuid age and consists
in multiplying the species production rates by the factor Ub/u, u being in this case estimated
from an additional variable which evaluate the particles residence time.
6.5.2 Limitations
The correction factor is computed from the local mean streamwise velocity u ∼ <u>, which
raises numerical issues at the wall nodes, where the mean velocity is 0. This expresses that
no correspondence between spatial and temporal simulations can be established at the wall
where non-moving ﬂuid particles are more sensitive to transverse ﬂuxes. In practice, no
chemical source term correction factor is applied at the wall nodes of a cell.
In addition, it should be mentioned that mean negative streamwise velocities encoun-
tered in recirculation zones cannot be handled by the correction proposed in Eq. (6.5.1).
Indeed, ﬂuid particles experiencing negative streamwise velocity have even longer residence
time which would require an integration along the particle trajectory for a correct evaluation.
For this reason the proposed methodology can only be applied to in smooth pipe ﬂows and
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will not be tested in ribbed tubes. Note that the correction methodology proposed by Van
Cauwenberge et al. [206] bypasses this issue by introducing a ’local ﬂuid age’, computed in
an additional variable to evaluate the particle residence time.
6.5.3 Validation test case
In order to assess the impact of the chemical correction proposed in Eq. (6.5.1) on the
chemical yield, a reactive 3D simulation of steam-cracking in a smooth reactor is performed
in industrial operating conditions.
Numerical methodology
The periodic domain used to investigate the eﬀect of the chemical correction is similar to
the one presented in the previous section: it consists in a periodic tube of length L = 69.11
mm and of diameter D = 38.1 mm. The same unstructured mesh is also used.
Initial solution at time t = 0 s, representative of the ﬂow at the inlet of the reactor, is set
in order to represent the industrial operating conditions. Temperature is imposed uniform
and equal to 909.15 K. Pressure is imposed to 236.0 kPa, based on the estimated pressure
loss in the reactor. A mass ﬂow rate of 235.625 kg.hr−1 is imposed, which correspond to an
initial streamwise velocity of 52.6 m.s−1 considering the initial ﬂuid density. The reactor is
considered here to have an arbitrary ﬁxed length of 13.98 m, so the simulation is continued
until such an axial distance has been simulated according to Eq. (6.1.4).
A heat ﬂux boundary condition is imposed at the wall in order to bring heat in the
domain and promote chemical reactions. The imposed heat ﬂux evolves in time in order to
represent the streamwise evolution of the heat ﬂux in the industrial reactor. For comparison
purpose this heat ﬂux is set similar in both cases, but diﬀers from the heat ﬂux used in the
previous section in order to reach more realistic wall temperatures. It is shown in Fig. 6.5.2.
The simulation is reactive but a more accurate reaction network is used. The reduction
of the reactive mechanism and its implementation are not detailed in this chapter, but the
reader may refer to Chapter 7 for more details. More information about the chemical mech-
anism can also be found in Appendix B. Two simulations are run, with and without chemical
correction.
Chemical correction
The ﬁeld of chemical correction in the computational domain is displayed in Fig. 6.5.3, cor-
responding to a simulated time of 0.120 s. This correction factor, equal to Ub/u except at
the wall nodes, is maximum in a thin layer in the near wall region and therefore enhances
signiﬁcantly the chemical activity in this limited region only. The chemical correction is
close to 1 everywhere else in the domain. The chemical correction is slightly lower than 1 in
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Figure 6.5.2: Imposed wall heat ﬂux as a function of the simulation time.
the central region of the domain, reaching about 0.85 at the centerline and slightly lowering
the chemical activity at this location.
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Figure 6.5.3: Chemical correction factor in the computational domain, at a simulated time
of 0.120 s.
Thermal evolution
Bulk velocity evolution and the resulting residence time are displayed in Fig. 6.5.4. It is
observed that almost perfect agreement is obtained, which demonstrates that the overall
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ﬂow conditions are unchanged.
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Figure 6.5.4: Evolution of bulk velocity (left) and residence time (right), with and without
chemical correction.
The increase of chemical activity in the near wall region induced by the chemical cor-
rection logically leads to a slightly lower skin temperature in the reactor. The evolution of
wall temperature in both simulations is displayed in Fig. 6.5.5, showing slightly lower wall
temperature with the chemical correction, in particular after t = 0.05 s, which correspond
to the middle part of the reactor between the 3rd and the 8th meters where the butane con-
version rate is maximum. On the other hand, wall temperatures are found very similar in
the ﬁrst instants / meters of the reactor and near the reactor end. Maximum diﬀerence of
skin temperature is found to be 7 K only, which remains small considering the high mean
temperature of ∼ 1000 K and does not considerably impact ﬂuid properties. However, this
may have an impact on coke formation, as wall temperature is known to be of primary im-
portance for this process.
The diﬀerence is even smaller for the bulk temperature displayed in Fig. 6.5.6. Similarly
to wall temperature, bulk temperature is lower with the chemical correction, although it
induces a slight reduction of the endothermic reaction activity in the central region. The
maximum diﬀerence between the two simulations remains below 3 K in the entire reactor,
which is very small and does not impact signiﬁcantly the ﬂuid properties.
Chemical evolution
The evolution of the mean dry mass fraction of butane for both simulations is displayed in
Fig. 6.5.7. It appears that, despite slightly lower bulk and wall temperature, the butane
decomposition rate is very similar. It is only slightly more important in the ﬁrst 3 meters of
the reactor (until t ∼ 0.05 s) with the chemical correction leading to a slightly lower butane
mass fraction. This diﬀerence then remains approximately constant in the rest of the reactor
and the ﬁnal butane dry mass fraction at the reactor outlet is found to be 6.66 % without
correction and 6.34 % with correction.
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Figure 6.5.5: Evolution of wall temperature in a temporal smooth reactor, with and without
chemical correction.
Without correction With correction Relative
Species Mass fraction Mass fraction difference
[-] [-] [%]
C2H4 0.4004 0.4030 +0.65
C3H6 0.1440 0.1390 −3.47
CH4 0.1987 0.2011 +1.21
C4H6 0.0331 0.0328 −0.91
Olefin Sum 0.5775 0.5748 −0.47
Table 6.5.1: Dry mass fractions of the important products at the reactor outlet.
As a consequence of the faster decomposition of butane, species production is slightly
faster with the chemical correction. Figure 6.5.8 shows the evolution of dry mass fractions
of the main produced species, i.e. ethylene, propene, butadiene and methane. The overall
agreement is good. Table 6.5.1 gives the dry mass fractions of the produced species at the
reactor outlet, providing more quantitative results. The main diﬀerence in terms of chemical
production lies in the propene production which is slightly smaller with the chemical correc-
tion. However, slightly higher ethylene production balances the oleﬁn production, leading
to only a small error on the total oleﬁn production.
Rather than dry mass fractions, one might be interested in the species selectivities, which
are more representative of the eﬃciency of the industrial process. Figure 6.5.9 shows the
evolution of the species selectivity for the main produced oleﬁns in the reactor. It appears
that very similar selectivity is obtained for most oleﬁns, and in particular the ethylene se-
lectivity remains almost the same through the whole process. Propene selectivity is found
slightly lower when including the correction factor. Finally, butadiene selectivity remains
similar in the whole reactor, being slightly more important in most part and slightly less
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Figure 6.5.6: Evolution of bulk temperature in a smooth reactor, with and without chemical
correction.
Without correction With correction Relative
Species Selectivity Selectivity difference
[%] [%] [%]
C2H4 42.90 43.03 +0.30
C3H6 15.43 14.84 −3.82
C4H6 3.55 3.50 −1.41
Olefin Sum 61.88 61.37 −0.82
Table 6.5.2: Selectivity of the valuable products at the reactor outlet.
important near the reactor outlet. The global oleﬁn selectivity in the reactor is also quite
similar, slightly lower with the chemical correction, mostly due to the lower propene pro-
duction. For more quantitative information, Table 6.5.2 summarizes the selectivity of the
diﬀerent oleﬁns observed at the reactor outlet.
It appears that including the chemical correction factor only leads to a small deviation of
the chemical process in smooth reactors. It is therefore not considered in other geometries,
although the exact impact of recirculation should be assessed. Note that, as one of the main
impact of the chemical correction factor is to lower the wall temperature, the impact of coke
formation should be considered with care.
6.6 Conclusion
This chapter assesses the validity of temporal simulations of cracking reactors using a pe-
riodic domain. It was found that perfect agreement between the spatial and the temporal
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Figure 6.5.7: Evolution of butane dry mass fraction in a smooth reactor, with and without
chemical correction.
simulations is not reached. This is due to the ﬂow equations themselves and to the periodic
boundary condition which removes all streamwise gradients. As a result, the ﬂow does not
develop in the same manner in both conﬁgurations. This has no impact on the established
ﬂow in non-reactive cases, but induces an error in the case of spatially evolving ﬂows, such
as steam-cracking reactors. This error is maximum close to the reactor inlet, where the ﬂow
is far from being established, and becomes negligible as the velocity proﬁles establish.
One critical issue is the modiﬁed residence time of ﬂuid particles which aﬀects the chem-
ical process. A simple correction of the species production rates was therefore proposed,
taking into account the actual ﬂow residence time of the ﬂuid particles, and tested in the
case of a smooth tube. It is based on the same idea as the correction proposed by Van
Cauwenberge et al. [206], which is however more complex. In the considered case, the turbu-
lent ﬂow leads to only a small impact of the correction factor on the chemistry and therefore
it is chosen to ignore it.
To summarize, this chapter proved the capacity of temporal simulation to simulate steam-
cracking reactor ﬂows, inducing minor errors, and this methodology will be used in the next
chapters to investigate industrial steam-cracking processes.
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Figure 6.5.8: Evolution of the main produced species dry mass fraction in a smooth reactor,
both with and without chemical correction.
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Figure 6.5.9: Evolution of the main produced species selectivity in a smooth reactor, both
with and without chemical correction.
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Chapter 7
Large Eddy Simulation of butane
cracking in ribbed and smooth
reactors
In this chapter, LES of reacting heated ﬂows are performed in the industrial
conﬁguration of the helically ribbed MERT reactor and are compared to the
smooth BARE reactor with same diameter. For this application, butane thermal
cracking process is considered. An analytically reduced chemistry from a detailed
one is ﬁrst derived using the ARCANE reduction tool, then tested in 1D reactive
simulations using the open source software CANTERA and ﬁnally implemented
in the code AVBP. The boundary conditions and the source terms added in the
ﬂow equations are imposed according to the measurements in the real industrial
case, as described in Section 2. Section 3 gives a detailed description of the
reactor geometries and the grid for both computational domains. The results of
the simulations are presented and a detailed comparison between the smooth and
ribbed reactors is proposed. In particular, the chemical yields at the outlet of the
two reactors is investigated. Conclusions about the respective advantages of the
BARE and MERT reactors are drawn in Section 4.
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7.1 Reduced chemistry for butane steam cracking pro-
cess
Reactive simulations require a chemical mechanism accurately describing the chemical kinet-
ics. In this section, the method for the generation of an accurate but aﬀordable mechanism
is described. The reduced mechanism, derived from a reference detailed mechanism, is then
presented. Finally the accuracy of the reduced mechanism is assessed thanks to comparisons
with the detailed mechanism in 1D canonical conﬁgurations.
7.1.1 Chemical kinetics
Considering a chemical mechanism of N species reacting through M elementary reactions:
N∑
k=1
ν
′
kjMk ⇀↽
N∑
k=1
ν
′′
kjMk for j = 1,M (7.1.1)
where Mk is a symbol representing species k, and ν
′
kj and ν
′′
kj are the molar stoichiometric
coeﬃcients of species k in reaction j for the reactants and the products respectively.
For each species k, the corresponding mass production rate ω˙k is the sum of rates ω˙kj
produced by all M reactions:
ω˙k =
M∑
j=1
ω˙kj = Wk
M∑
j=1
νkjQj with
ω˙kj
Wkνkj
= Qj (7.1.2)
where νkj = ν
′′
kj − ν ′kj, and Qj is the rate of progress of reaction j, written:
Qj = Kfj
N∏
k=1
[Xk]
ν
′
kj −Krj
N∏
k=1
[Xk]
ν
′′
kj (7.1.3)
with Kfj and Krj being the forward and reverse rates of reaction j respectively, and [Xk]
being the molar concentration of species k, deﬁned as:
[Xk] =
ρYk
Wk
=
ρk
Wk
(7.1.4)
The determination of the rate constant Kfj and Krj constitutes a central problem when
modeling reactive ﬂows. They are usually approximated using empirical Arrhenius laws:
Kfj = AfjT βjexp
(
− Ej
RT
)
(7.1.5)
with Afj, βj and Ej constants called the pre-exponential factor, the temperature exponent
and the activation energy respectively. Then, computing the rate of progress Qj for reaction
j requires data for all three constants. Each elementary reaction is not easy to determine
and the coeﬃcients are often ﬁtted to match experimental results. For reversible reactions
(reactions that occur in both forward and backward directions), the backward rates Krj can
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be computed from the forward rates Kfj through the equilibrium constant:
Krj =
Kfj(
pa
RT
)∑N
k=1
νkj
exp
(
∆S0
j
R
− ∆H
0
j
RT
) (7.1.6)
where pa = 1 bar. The ∆ symbol refers to changes occurring when passing from reactants
to products. ∆H0j and ∆S
0
j are respectively the enthalpy and entropy changes for reaction j.
Determining the species and elementary reactions that should be considered in a chemi-
cal mechanism is not an easy task. Real chemical processes imply a huge number of species
and elementary reactions which can be very stiﬀ, and it is usually impossible to consider
all elementary reactions occurring in the simulation of an industrial process because of the
too important associated computational cost. For this reason chemical mechanisms used
in numerical simulations often contain a limited number of species and reactions, and their
validity is limited to a certain range of temperature and pressure. Section 7.1.2 describes
the reduction methods used in this work.
7.1.2 Analytically reduced chemistry
Detailed mechanism
The Engineering School Politecnico di Milano (Polimi) provides on its website free access to
a very detailed chemical mechanism 1 built for the simulation of pyrolysis and combustion
of many hydrocarbons [159]. Their detailed kinetic mechanism, valid in a wide temperature
range, is composed of 451 species and 17848 reactions. Although this mechanism can be suc-
cessfully used in zero or one-dimensional simulations, its size leads to a huge computational
cost and it cannot be used for practical 3D simulations. However, this detailed mechanism
being very general, it can be signiﬁcantly reduced if steam-cracking of butane in a speciﬁc
temperature and pressure range is considered.
In order to decrease the computational cost associated to the kinetic scheme, detailed
mechanisms can be signiﬁcantly reduced using classical reduction techniques, for example
by removing all unnecessary species and reactions.
In this work, the ARCANE reduction tool, developed at CERFACS and by P. Pepiot
at Cornell university, is used. It is based on the YARC reduction tool developed by Pe-
piot [207] and is written in python and fully coupled with the chemistry solver CANTERA,
which solves the targeted canonical test cases to be sampled. ARCANE generates several
reduced mechanisms with increasing error level. At CERFACS, YARC and ARCANE were
until very recently used for combustion applications only, and the softwares were extended
to pyrolysis applications during this work. Zero and one-dimensional canonical test cases
are used to perform and assess the validity of the reduction of a detailed mechanism. In
1http://creckmodeling.chem.polimi.it/menu-kinetics/menu-kinetics-detailed-mechanisms/menu-kinetics-
complete-mechanism
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the current work, the target canonical application is a zero-dimensional constant pressure
reactor which is heated in order to increase the temperature with time, a constant heat ﬂux
of 19.38 MW/m3 being applied. The initial temperature in the 0D reactor is 909 K, the
initial pressure is 230 kPa, and the initial composition is 69 % of butane and 31 % of water
(steam) in mass fraction. The simulations are stopped after 0.14 s, which is representative
of the residence time of butane cracking applications. The accuracy of the reduced mech-
anism is assed based on the maximum diﬀerence on species mass fraction at the reactor
outlet among species C2H4, C3H6, and C4H6 which are the main produced oleﬁns. Selecting
this criterion as the error estimator ensures a good estimation of the production of oleﬁns
during the process, which is the main objective of steam-cracking. Figure 7.1.1 illustrates
the diﬀerent reduction steps used in ARCANE.
Detailed
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Figure 7.1.1: Illustration of the ARCANE workﬂow.
Skeletal mechanism
The ﬁrst step of the chemical reduction is the removal of all species and reactions that are
of minor importance for the problem considered. This step is called the skeletal reduction
(or elimination stage) and the resulting scheme is called the skeletal mechanism.
Among the existing methods, the Direct Relation Graph with Error Propagation (DRGEP)
method [207], which is based on production rate analysis, is used in the current work and
described hereafter. The aim of DGREP is to discriminate unimportant species and the as-
sociated reactions. Remaining unimportant reactions are also iteratively removed from the
mechanism. The fundamental idea behind DRGEP is the construction of a graph represent-
ing the interactions between all the species in the detailed mechanism, the species A and B
being connected if they at least interact through one reaction. Each of these connections is
characterized by an interaction coeﬃcient, which quantiﬁes the contribution of species B on
the production rate of species A. The interaction coeﬃcient between species A and B writes:
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r
AB
=
∑m
j=0 |νA,j ω˙A,j δjB|∑m
j=0 |νA,j ω˙A,j|
(7.1.7)
where the sums run over all reactions j, δjB is the Kroenecker symbol which is equal to
one if reaction j involves species B and zero otherwise. To identify the species to keep in
the mechanism, a threshold ǫ deﬁned by the user is used so that all species B satisfying
r
AB
< ǫ are discarded. Knowing the interaction coeﬃcients between all the species of the
detailed mechanism enables to build a graph, as illustrated in Fig. 7.1.2. In Fig. 7.1.2, each
node represents a species, and the thickness of the directed vertex from one node to another
is proportional to the interaction coeﬃcient between those two species. If predicting the
concentration of species A is the only target, species F and G can be excluded from the
mechanism. Moreover, species B, C, D and E can be excluded depending on the error cri-
terion ǫ. The initial graph is iteratively simpliﬁed to include only few target species and all
species reachable from the targets through large enough interaction coeﬃcients, the thresh-
old value for those coeﬃcients being user-deﬁned and depending on the acceptable error.
A
BC
D E
F
G
r
FG
= 0.05
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Figure 7.1.2: Illustration of the DRGEP method.
In the case of intermediate species between the target species and the candidates for
removal, leading to a longer path on the graph, error propagation along the path should
be computed to evaluate the impact of the removal of the candidate species on the target
species production. This is the case of species D and E in Fig. 7.1.2, considering species A
as the target. In this case, the interaction coeﬃcient is computed with:
r
AB,p
=
n−1∏
i=1
r
SiSi+1
(7.1.8)
where Si is a species on the path between two considered species A and B. This method has
been successfully applied to reduce several detailed mechanism at a skeletal level [208–210].
In this work, applying the DRGEP method to the POLIMI detailed mechanism target-
ing the 0D constant pressure reactor conﬁguration results in a reduced skeletal mechanism
consisting of 33 species and 182 reactions. If this skeletal mechanism is today aﬀordable in
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a CFD code solver in terms of species number, its stiﬀness may still be an issue. Indeed,
the process of hydrocarbon cracking is known to be driven by radical reactions. The most
important radicals are still in the skeletal mechanism. Radicals being highly reactive, their
concentration remains low in the reactor during the cracking process, but their production
and reaction rates are very high, leading to a very stiﬀ mechanism which requires small
time-steps and increases drastically the computational cost. In order to reduce the stiﬀness
of the mechanism, while keeping the radicals which are essential to keep, further reduction
is performed with the ARCANE reduction tool.
The Quasi-Steady State Approximation
Quasi-Steady State Approximation (QSSA), as ﬁrst introduced by Bodenstein in 1913 [211,
212], can be applied on a species if it remains in low concentration in the mixture and has
a low net production rate compared to its creation and destruction rates. This is typically
the case of radicals, their very short lifetime inducing most of the time low concentrations
and high chemical reactivity. The conservation equation for such a species k can be written
in terms of its concentration Ck as:
dCk
dt
= ω˙+k − ω˙−k (7.1.9)
with the net production rate ω˙k being decomposed into a creation rate ω˙+k and a disappearing
rate ω˙−k . Based on the QSSA assumptions, the net production rate is small compared to
both the creation and the disappearance rates:
ω˙k = ω˙+k − ω˙−k ≈ 0 (7.1.10)
Eqs. (7.1.9) and (7.1.10) result in an algebraic expression for the computation of the
concentration of species k under QSSA. Then, solving a diﬀerential equation is no longer
required to obtain Ck, lowering the number of diﬀerential equations in the system. Removing
the diﬀerential equations of the most reactive species enables to remove the fastest produc-
tion rates, reducing the stiﬀness of the mechanism. Note that the concentration of a QSS
species is small and does not depend on the transport phenomena, which makes the imple-
mentation easy as its does not require transport properties. Moreover, the concentration of
QSS species remains low and does not vary signiﬁcantly with time, so the enthalpy diﬀerence
resulting from reactions with QSS species can be neglected, making unnecessary the use of
thermal properties for those species.
The computations of the radical concentrations Ck from Eq. (7.1.9) is straightforward as
long as no reaction involves two or more species under QSSA (linear coupling). In the case
of reactions involving several QSS species, iterative computation of the species concentration
becomes necessary. As such an iterative computation must be performed in every grid cell
and at every time step, and solving a non linear system can be very CPU-consuming. In this
work, only linear coupling of QSS species is allowed. Explicit expressions for QSS can be
automatically derived and implemented in AVBP. Reactions involving two or more radicals
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are then automatically removed from the mechanism.
Among the 33 species retained in the skeletal mechanism for butane cracking, 15 of them
are known to be radicals, and applying the QSSA on the most reactive ones is found to
signiﬁcantly reduce the global stiﬀness of the mechanism. Table 7.1.1 shows all the species
present in the ARC mechanism, with their names and formula. Note that 4 radicals are not
put in QSSA, as withdrawing the associated coupled reactions leads to too large errors for the
mechanism. For this reason, a total of 4 radicals are not put in QSSA. Similarly, all species
in QSSA are not radicals. This is the case of propane (C3H8) and methyl-cyclo-pentadiene
(MCPTD), which are both present in small quantities in the reactor during all the butane
cracking process, putting those 2 species in QSSA being found to have little impact on the
accuracy of the mechanism.
Transported species:
Species Steam Dihydrogen Methane Acetylene Ethylene
name (Water) (Ethyne) (Ethene)
Formula H2O H2 CH4 C2H2 C2H4
Species Ethane Allene Propylene Butadienes n-Butenes
name (Propene) + Butyne
Formula C2H6 a-C3H4 C3H6 C4H6 n-C4H8
Species n-Butane Cyclopentadiene Pentadienes Pentenes Benzene
name + Isoprene
Formula n-C4H10 cy-C5H6 C5H8 n-C5H10 C6H6
Species Methyl Ethyl Allyl Methylallyl
name
Formula CH•
3
C2H
•
5
CH2CHCH
•
2
s-C4H
•
7
QSS species:
Species Hydrogen Vinyl Propargyl Propenyl n-Propyl
name (Ethenyl)
Formula H• C2H
•
3
C3H
•
3
CHCHCH•
3
n-C3H
•
7
Species iso-Propyl Propane C4H5 But-1-en-3-yl n-Butyl
name isomers
Formula i-C3H
•
7
C3H8 C4H
•
5
CH2C3H
•
5
n-C4H9-p
•
Species sec-Butyl cyclo- Pen-1-en-3-yl Methyl-cyclo
name pentadienyl -pentadiene
Formula n-C4H9-s
• cy-C5H
•
5
n-C5H9-3
• MCPTD
Table 7.1.1: List of the 33 species in the ARC mechanism for butane steam cracking process.
The distinction is made between transported species and QSS species. The superscript •
denotes radical species.
Applying DRGEP and QSSA to the POLIMI detailed mechanism for butane cracking
enables to dramatically reduce the number of species and reactions of the resulting analyt-
ically reduced chemistry. This reduced mechanism, called C4H10 33 182 14 RC, is used for
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LES of butane cracking in this work.
7.1.3 Analysis of the ARC mechanism
This section analyzes the main production and consumption paths for the species of interest,
i.e. feedstock (C4H10) and oleﬁns. The objective is to provide useful information to analyse
oleﬁn production in the LES performed in this work. All the reactions are not detailed here,
but the reader can refer to Appendix B for a complete description of the C4H10 33 182 14 RC
mechanism.
Initialization and butane conversion
Typical feedstock for butane cracking applications is composed of 69% of butane and 31%
of water steam. Water is introduced in the reactor because of its thermal properties and to
reduce the partial pressure of butane, but does not react in the process. Then, initialization
reactions consist of one butane molecule that breaks apart to form two species. The most
common path for butane decomposition through pyrolysis is the breaking of a covalent
C − C bound, which forms two radicals. The two initialization reactions considered in the
C4H10 33 182 14 RC mechanism are the following:
C4H10 ⇀↽ C2H
•
5 + C2H
•
5
C4H10 ⇀↽ H2 + n-C4H8
(7.1.11)
These two reactions both require high activation energies (Ea = 83 and 71 kJ/mol respec-
tively) and thus are favored by high temperature conditions. The mixture being relatively
cold at the beginning of the thermal cracking process, it is expected that the initialization
is slow. Butane also reacts with all radicals by H-abstraction reactions with much lower
activation energies. A total of 24 H-abstraction reactions in the ARC mechanism lead to
butane conversion, while only 3 ones lead to butane production. Therefore, butane conver-
sion rate can increase signiﬁcantly after few meters in the reactor even with small increase
of the temperature. For this reason the initialization process appears highly sensitive to the
stability of the formed radicals, which depends on the balance between radical initialization
and radical recombination reactions.
Ethylene production
One of the main product of butane cracking is ethylene (C2H4). This production is due to
various reactions: three radical decompositions (from n-C3H•7 , CH2C3H
•
5 and n-C4H9-p
•),
one dehydrogenation (from C2H6), and seven radical additions. Most of those reactions
however involve moderate to high activation energies.
It should be noted that ethylene production is also due to eleven H-abstraction reactions
from C2H•3 , which require much lower energies for activation. However, there are few produc-
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tion paths for C2H•3 and most of them also involve moderate to high activation energies. For
this reason, ethylene production is expected to be favored by relatively high temperatures.
Propene production
Propene being a valuable oleﬁn produced by cracking of hydrocarbons, the reactions involv-
ing propene are investigated here. Propene is involved in 62 reactions. It is mostly produced
from H-abstraction, radical addition and radical decomposition reactions, which require low
to moderate activation energies. The consumption paths mainly include H-abstraction reac-
tions with moderate activation energies, but also reactions requiring low and high activation
energies, which makes the production of propene complex. It is expected that propene con-
centration increases with moderate temperature, but propene consumption might become
dominant for high temperature.
Butadiene production
During the pyrolysis of butane, butadiene is an oleﬁn produced in less important quantities
than ethylene and propene. It is however produced by ten H-abstraction reactions with low
activation energy, and few other reactions (termination, dehydrogenation, radical addition)
which require important energies. Few reactions lead to the consumption of butadiene, and
those reactions, which are mostly H-abstraction reactions, require moderate activation en-
ergy. The concentration of butadiene is then expected to increase during thermal cracking,
in particular with high temperatures.
7.1.4 Assessment of the ARC mechanism against detailed chem-
istry
The C4H10 33 182 14 RC mechanism is validated against the detailed mechanism from
Polimi to assess its accuracy. The validation is perform based on 1D plug-ﬂow simula-
tions and using the software CANTERA. A constant heat ﬂux Φ = 97, 800 W.m−2 is applied
at the reactor wall, providing constant heat to the ﬂuid and increasing the temperature
inside the reactor. Thanks to this methodology, steam-cracking of butane is performed in
temperature and pressure conditions representative of industrial process (initial temperature
is 909 K and initial pressure is 236 kPa).
The plug-ﬂow reactor is represented in CANTERA by a linear chain of zero-dimensional
reactors, called elementary reactors. Each elementary reactor has the same internal volume
which depends on the chosen discretization of the complete plug-ﬂow reactor, and has the
same constant mass ﬂow rate, the exiting ﬂow going into the next reactor. Gas in the ﬁrst
elementary reactor has the speciﬁed reactor inlet composition. Since the upstream reactors
are not aﬀected by the downstream reactors, the problem is solved by simply marching from
the ﬁrst to the last reactor, integrating each one to steady state. Pressure is decreased from
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one reactor to another following the imposed pressure curve estimated from the non-reactive
3D simulations. Control of the operating temperature is described in more details in the
next section. This speciﬁc reactor simulation is illustrated in Fig. 7.1.3.
Upstream Downstream
m˙
T, Y P
dx
Elementary plug-flow reactor
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Reactor discretization
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Figure 7.1.3: Illustration of the 1D reactive simulation. The 3D reactor is discretized into
many elementary homogeneous reactors, which are simply chained.
Figure 7.1.4 compares the evolution of temperature, pressure and mass fraction of the
main produced species obtained with the detailed POLIMI mechanism and the ARC mech-
anism for bulk cracking conditions. The agreement for temperature and pressure is very
good all along the reactor. This is the same for butane conversion and ethylene production,
ethylene being the main product of butane cracking. The agreement is still very good for
two other important products, propane and methane, although some discrepancies appears
along the reactor (the error at the reactor outlet being about 7 % and 1 % for propane and
methane respectively). Finally, the production of butadiene and dihydrogen is focused on
since they inﬂuence the oleﬁn production and the coke formation respectively, although be-
ing produced in relatively small quantities. The spatial evolution of both species is correctly
captured, but the over-estimation is much larger (20 %).
Those results assess a very good and satisfactory prediction of the species production dur-
ing butane cracking, at temperature and pressure conditions representative of the industrial
process. One should however keep in mind the non-negligible over-estimation of butadiene
production, of about 20%, when investigating the results.
Since the temperature in the reactor is much higher in the near-wall region than in the
bulk reactor region, the C4H10 33 182 14 RC mechanism is further validated in higher tem-
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Figure 7.1.4: Spatial evolution of temperature, pressure and mass fractions of the main
produced species, obtained with the detailed and the C4H10 33 182 14 RC mechanisms using
CANTERA. Bulk cracking conditions.
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Figure 7.1.5: Spatial evolution of temperature, pressure and mass fractions of the main
produced species, obtained with the detailed and the C4H10 33 182 14 RC mechanisms using
CANTERA. Severe cracking conditions.
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Detailed C4H10 33 182 14 RC
mechanism mechanism
YC2H4 0.436 0.449
YC3H6 0.042 0.064
YCH4 0.024 0.024
YC4H6 0.020 0.031
YH2 0.021 0.018
Table 7.1.2: Comparison of chemical yields at the reactor outlet for the detailed and the
C4H10 33 182 14 RC mechanism, based on 1D simulations.
perature conditions, representative of conditions encountered in the near wall region (see
severe cracking conditions in Table 7.1.2). Figure 7.1.5 compares spatial evolution of the
ﬂow obtained with the detailed and the ARC mechanisms.
Like for lower temperature, the agreement between the detailed and the C4H10 33 182 14 RC
is excellent for butane conversion and ethylene production. The agreement for propene and
methane production is good, and higher discrepancies arise for butadiene and dihydrogen.
These results are similar to the results obtained with lower operating temperature, assessing
the robustness of the C4H10 33 182 14 RC mechanism over diﬀerent operating conditions.
The diﬀerences in terms of chemical yields between the detailed and the ARC mechanism
slightly increases with higher temperature, and maximum error is found for butadiene, the
over-prediction reaching up to 45%. Although this should be kept in mind when using
the C4H10 33 182 14 RC mechanism, the global agreement between detailed and reduced
mechanism remains very good due to the low fraction of butadiene in the mixture.
7.1.5 Implementation of the ARC mechanism in AVBP
Thermal database
The mixture dynamic viscosity is estimated at the reference temperature of Tref = 909.15
K, which is the initial temperature of the cracking process, from a mixture representative of
what is encountered during the thermal cracking process. This leads to a reference viscosity
of µref = 2.73 × 10−5 kg/m/s. The coeﬃcient b in the power law equation for viscosity
(Eq. (5.3.4)) set equal to 0.88. The Prandtl number is set to 0.71. Species enthalpy and
entropy are determined as functions of the temperature from the NASA polynomials of each
species, detailed in Appendix B.
Transport modeling
As already stated in Section 2.1, when dealing with multi-species ﬂows, binary mass diﬀu-
sion coeﬃcients Dk,p should be estimated for all species k into all species p for an accurate
description of the species diﬀusion. Although several methods exist to estimate those coef-
ﬁcients [47], a common assumption is to consider all the species Lewis number Lek being
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Species H2O H2 CH4 C2H2 C2H4 C2H6 a-C3H4 C3H6
Sck 0.651 0.170 0.609 0.826 0.870 0.940 1.12 1.01
Species C4H6 n-C4H8 n-C4H10 cy-C5H6 C5H8 n-C5H10 C6H6 CH3
Sck 1.42 1.26 1.45 1.53 1.54 1.54 1.65 0.609
Species C2H5 CH2CHCH2 s-C4H7
Sck 0.932 1.04 1.25
Table 7.1.3: Values of the Schmidt number Sck for all transported species in the mechanism
C4H10 33 182 14 RC.
constant and equal to unity. The Lewis number is the ratio between mass diﬀusivity and
thermal diﬀusivity and writes:
Lek =
Sck
Pr
(7.1.12)
with Sck the Schmidt number of species k and Pr the Prandtl number of the mixture.
Knowing the mixture Prandtl number, an estimation of the species mass diﬀusion in the
mixture is accessible though Sck:
Sck =
ν
Dk,mix
(7.1.13)
In AVBP, Pr is assumed constant in all the computational domain. Instead of assuming
unit Le for all species, the Schmidt number for each species is estimated in a mixture repre-
sentative of the global mean mixture during thermal cracking. This is done through the tool
XML2AV developed at CERFACS during this work, which automatically computes Sck for
all species k based on the Lenard-Jones potentials of each species. The values of Sck for all
transported species in the mechanism C4H10 33 182 14 RC are given in Table 7.1.3.
7.2 Numerical setup for the BARE and MERT config-
urations
In this section, the methodology chosen to compare the two reactor designs is ﬁrst explained.
Then, the BARE and MERT geometries are detailed as well as the grids used. Finally, both
the boundary conditions and the ﬂow characteristics at reactor inlet are described.
7.2.1 Methodology to compare the two designs
Accurately comparing BARE and MERT reactors while keeping realistic operating condi-
tions is not straightforward. As the MERT reactor design is commonly used in industry,
industrial operating conditions provided by TOTAL have been used for the MERT reactor,
both for the inlet conditions (temperature, mixture composition, mass ﬂow rate) and for
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the boundary conditions (heat ﬂux at the wall and pressure at the outlet). One approach
is to compare two reactors of same length with the same heat ﬂux [194, 196], which could
be placed in the same furnace. However, in our case, due to the industrial conditions used
for the MERT and its better heat transfer eﬃciency compared to the BARE reactor, this
approach leads to unrealistic too high wall temperature for the BARE tube. Therefore,
another methodology to compare the two geometries is proposed in this work. First, the
same axial evolution of the wall temperature is imposed in both conﬁgurations, which is
achieved by an iterative adaptation of the wall heat ﬂux in the BARE reactor. Second, the
BARE and MERT conﬁgurations are compared for the same feed conversion, which makes
the length of the BARE reactor diﬀerent from the length of the MERT reactor. Finally, both
conﬁgurations are compared for similar outlet pressure. The inlet pressure is set iteratively
in both reactors to reach this condition.
It should be noted that, if similar wall temperature is applied in both reactors leading
to comparable cracking and coking conditions, optimal wall temperature proﬁle along the
reactor length might diﬀer from one reactor geometry to another, and the determination of
such an optimal proﬁle remains an open question. Therefore, complete and eﬃcient compar-
ison of the reactor designs would require a comparison of each geometry at its corresponding
optimal operating point. However, the optimization of temperature conditions being out of
the scope of this work, the two reactors are compared to similar wall temperature represen-
tative of the industrial process.
7.2.2 Reactor geometries
Figure 7.2.1 displays both the smooth and the ribbed reactor geometries studied in this
work. For comparison purpose, both reactors have an identical diameter D = 38.1 mm. The
ribbed tube is characterized by a single helical rib, which has a rounded shape presented
in Fig. 7.2.2 with a height e = 2.13 mm, a width w = 7.0 mm and a pitch p = 69.11 mm.
The pitch-to-height ratio p/e is then equal to 32.45 and the blockage ratio 2e/D is equal to
0.112, the ribbed reactor geometry belonging to the K-type roughness (p/e > 4) following
the classiﬁcation proposed in [115, 132]. In order to perform the simulations within a rea-
sonable computational time, the computational domains are one pitch long periodic tubes
(L = 69.11 mm), following the methodology developed in Chapter 5.
7.2.3 Meshes
Following the methodology developed by Zhu [143] and validated by Campet et al. [198] for
steady ﬂows in similar geometries, the meshes are fully unstructured and constituted of 3.14
million and 3.68 million tetrahedral cells for the smooth and the ribbed reactor respectively.
Because of the complex ﬂow behavior in the near-wall region induced by the rib, no standard
law-of-the-wall could be applied for a ribbed tube geometry as shown in [198]. Consequently,
it has been chosen to reﬁne the grid close to the wall and the rib for both conﬁgurations.
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Figure 7.2.1: (a) BARE reactor geometry and (b) MERT reactor geometry.
e = 2.13 mm
w = 7.0 mm
Figure 7.2.2: Illustration of the rounded rib shape.
Following the methodology described in Chapter 5, a wall-distance y+ ≈ 10 is imposed for all
simulations. Because of the acceleration of the ﬂuid in the rib vicinity, the cell size is twice
smaller on the rib surface than on the reactor wall to ensure the same resolution criterion.
The cell size increases progressively toward the center of the domain. The main character-
istics of both meshes are summarized in Table 7.2.1 and Fig. 7.2.3 provides an overview of
the mesh resolution.
7.2.4 Boundary conditions
Each simulation time in the periodic conﬁguration representing one axial location of the
reactor, the imposed heat ﬂux boundary condition is set spatially uniform but varies in time
to match the streamwise evolving boundary condition of the full length reactor. The MERT
Cell Node Smallest cell
Reactor number number volume [m3]
BARE 3.14 million 602 442 1.95× 10−13
MERT 3.68 million 713 958 7.03× 10−14
Table 7.2.1: Main characteristics for both meshes.
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(a) (b)
(c) (d)
Figure 7.2.3: Mesh resolution in the Z-normal plane and in the X-normal plane for the BARE
reactor (a and b) and MERT reactor (c and d).
reactor is 10.50 meters long and the applied wall heat ﬂux shown in Fig. 7.2.4 is repre-
sentative of industrial operating conditions. The resulting circumferentially averaged skin
temperature Tw for both geometries is shown in Fig. 7.2.5, assessing similar wall temperature
in both computations.
7.2.5 Coil inlet conditions
The mixture is initially composed of 69 % n-butane and 31 % steam. Steam is added in
the steam-cracking process in order to increase the thermal conductivity of the ﬂuid and
decrease the partial pressure of hydrocarbons, which is known to favor radical β scission
reactions and leads to a higher ethylene production. However it does not react during the
butane cracking process so that steam mass fraction stays equal to 0.31 all the simulation.
In the following sections, the ﬂuid composition is given in dry mass fraction, i.e. without
steam mass fraction. Initial dry mass fraction of n-butane is then equal to 1.0.
Similar operating conditions are achieved through a similar coil inlet temperature (CIT),
a similar coil outlet pressure (COP), a similar mass ﬂow rate. To be representative of the
industrial process, CIT is set uniform and equal to 909.15 K in both reactors. Because the
pressure loss is expected to be more important in the ribbed tube, initial pressure is set
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Figure 7.2.4: Imposed wall heat ﬂux as a function of time.
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Figure 7.2.5: Wall temperature in both reactors resulting from the imposed heat ﬂux.
higher in the ribbed reactor than in the smooth reactor. The BARE reactor length being
unknown a priori, coil inlet pressure (CIP) is set iteratively from previous computations
in order to reach a similar pressure at the coil outlet. A constant mass ﬂow rate equal to
235.625 kg/hr is imposed at both inlets and the initial bulk velocity is adapted due to the
diﬀerence in inlet pressure and in inlet density. Initial ﬂow conditions are summarized in
Table 7.2.2 for the two reactors.
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BARE MERT
reactor reactor
Temperature [K] 909.15 909.15
Pressure [kPa] 242.0 261.0
Density [kg.m−3] 1.10 1.19
Velocity [m.s−1] 51.87 48.12
Mass flow rate [kg.hr−1] 235.625 235.625
Table 7.2.2: Initial ﬂow conditions.
7.3 Comparison between the BARE and MERT reac-
tors
7.3.1 Flow dynamics
Bulk velocity
The temporal evolution of the bulk velocity in the two reactors is displayed in Fig. 7.3.1.
As inlet pressure is higher in the MERT reactor, inlet density is higher in the MERT re-
actor, resulting in a slightly lower bulk velocity to ensure mass conservation. Bulk velocity
keeps increasing with time because of the increasing bulk temperature: as the temperature
increases, a dilatation of the ﬂow occurs in the reactor and the mass source term Sρ deﬁned
in Eq. (6.2.5) withdraws mass from the computational domain. Then, velocity increases to
balance the density drop and respect the constant mass ﬂow rate imposed by the momentum
source term Sqdm. The bulk temperature in the BARE reactor increases more slowly as the
wall heat ﬂux applied is lower (see Fig. 7.2.4), resulting in a lower thermal expansion of the
ﬂow and a lower ﬂow acceleration. After a simulation time of about 0.08 s, the bulk axial
velocity becomes higher in the MERT reactor. Note that because of a longer coil length of
the BARE reactor, the bulk axial velocity is similar at the outlet of both tubes, reaching
approximately 115 m.s−1. Axial location in the spatial reactor depends on the bulk veloc-
ity in the temporal simulation, as presented in the previous chapter (Eq. (6.1.4)) and its
evolution is plotted in Fig. 7.3.2 as a function of the simulation time. The MERT reactor
length is set equal to 10.50 m, the corresponding temporal simulation being stopped when
such an axial distance is reached according to Eq. (6.1.4). As previously stated, the BARE
reactor simulation is stopped when the feedstock conversion is similar in both tubes, the
corresponding reactor length being 13.58 m. Physical simulated times are found to be 0.171
second and 0.140 second for the BARE and MERT reactor respectively.
The Reynolds number inside both reactors is displayed in Fig. 7.3.3. Due to similar
mass ﬂow rate, temperature and reactor diameter, the Reynolds number at the reactor inlet
is similar and close to 79, 000. It decreases progressively due to the temperature increase
inducing an increase in dynamic viscosity. The Reynolds number is observed to decrease
faster in the MERT reactor, but is quite similar at the reactor outlet due to a longer length
of the BARE reactor. Under those conditions, the ﬂow is highly turbulent and important
mixing is expected.
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Figure 7.3.1: Bulk velocity as a function of the simulation time.
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Figure 7.3.2: Relation between simulation time and travelled axial distance at bulk velocity.
Velocity profiles in the BARE reactor
The radial proﬁle of mean axial velocity normalized by the bulk velocity is displayed in
Fig. 7.3.4 at various reactor locations for the BARE reactor. This is in good agreement
with the ﬂow establishment study presented in Chapter 6. The mean radial and azimuthal
velocities are close to zero and negligible in the smooth reactor compared to the axial veloc-
ity because of the axi-symmetry of the domain and the periodic boundary condition. The
proﬁle of axial velocity close to the inlet shows diﬀerences with the others plotted much
downstream, indicating that the ﬂow is not fully established at x = 1.07 m.
The radial proﬁles of ﬂuctuating velocities normalized by the bulk at x = 8.31 m are also
investigated in the BARE reactor in Fig. 7.3.5. The RMS axial velocity proﬁle shows a peak
in the near-wall region, reaching up to 0.30 × Ub at wall distance r/R = r+ = 0.99, which
is in good agreement with pipe ﬂows experimental results of Laufer for similar Reynolds
number [66]. The magnitude of radial and azimuthal ﬂuctuations is lower in the near-wall
region, reaching a maximum value of 0.035×Ub and 0.043×Ub respectively at a wall distance
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Figure 7.3.3: Evolution of the Reynolds number as a function of the travelled distance in
both the BARE and MERT reactors.
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Figure 7.3.4: Mean axial velocity proﬁle for diﬀerent axial locations in the BARE reactor.
of about r+ = 0.85, which is also in good agreement with the measurement of Laufer.
Velocity profiles in the MERT reactor
The mean axial velocity proﬁles in the MERT reactor are shown in Fig. 7.3.6 at positions
X+ = x/e = 2.5, 7.5, 12.5, 17.5, 22.5 and 27.5 at 4 locations. The axial velocity proﬁles
are very similar, assessing a fast establishment of the ﬂow in the MERT reactor. The axial
velocity is impacted by the rib in the near wall region and axial velocity proﬁles in the MERT
reactor depend on the dimensionless distance to the rib X+. The axial velocity is small just
downstream the rib, the artiﬁcial roughness decelerating the ﬂow in the near wall region.
From position X+ = 10 to the next rib, the velocity proﬁle stops evolving, assessing the
reattachment of the ﬂow. Because of the low blockage ratio and the smooth shape of the rib
in this conﬁguration, no stable recirculation zone develops. Local small recirculation zones
however appear between positions X+ = 0 and X+ = 10.
The mean radial and azimuthal velocity proﬁles are investigated in Figs. 7.3.7 and 7.3.8
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Figure 7.3.5: RMS velocity proﬁles for axial, radial and azimuthal velocity components in
the BARE reactor, at location x = 8.31 m.
respectively. The radial velocity is found positive upstream the rib, a mean value of about
0.05 × Ub being reached at a wall distance corresponding to the rib height due to the ﬂuid
moving toward the pipe center at the passage of the rib. The radial velocity is negative down-
stream the rib, in particular in the near wall region from position X+ = 0 to X+ = 12.5,
where the ﬂow recovers a standard smooth tube proﬁle. The helicoidal shape of the rib
induces an azimuthal motion of the ﬂow in the near wall region. Azimuthal velocity is
non-negligible from the reactor wall up to a distance of approximately r+ = 0.6, and is
maximum at a wall distance of about r+ = 0.95 everywhere between two ribs. The peak
in azimuthal velocity magnitude is found close to 0.2 × Ub, which is more important than
the radial velocity magnitude. Note that azimuthal velocity is the latest velocity component
to fully establish, azimuthal velocity magnitude in the near wall region being lower at the
location 1.10 m away from the inlet than compared to other locations.
Finally, the radial proﬁle of velocity ﬂuctuations are investigated in the MERT reactor.
Figures 7.3.9, 7.3.10 and 7.3.11 display the RMS of axial, radial and azimuthal velocities
respectively at 4 diﬀerent reactor locations (1.10, 2.24, 4.60 and 8.26 meters downstream
the reactor inlet) and for various positions relative to the rib (X+ = 2.5, 7.5, 12.5, 17.5,
22.5 and 27.5). Like for the mean velocity components, azimuthal velocity ﬂuctuation pro-
ﬁles are the longest to establish, the magnitude of azimuthal velocity ﬂuctuations being less
important close to the reactor inlet (1.10 meters away) than on other investigated proﬁles.
On the other hand, axial and radial velocity ﬂuctuations are found very similar at every
investigated reactor locations, assessing a quick development of the axial and radial veloc-
ity ﬂuctuations in the reactor. Axial velocity ﬂuctuations in the MERT reactor are found
similar to axial velocity ﬂuctuations in the BARE reactor from X+ = 12.5 to the next rib,
a peak in magnitude being found in the near-wall region, whose value is 0.3×Ub. The axial
ﬂuctuation magnitude progressively decreases from this peak to the center of the reactor.
Just downstream the rib, the peak in axial velocity ﬂuctuations is detected farther from
the wall as the ﬂow is decelerated in the near wall region. Radial and azimuthal velocity
ﬂuctuations in the MERT reactor are very diﬀerent from the BARE reactor because of the
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Figure 7.3.6: Mean axial velocity proﬁles at various axial locations in the MERT reactor.
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Figure 7.3.7: Mean radial velocity proﬁles at various axial locations in the MERT reactor.
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Figure 7.3.8: Mean azimuthal velocity proﬁles at various axial locations in the MERT reactor.
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Figure 7.3.9: RMS axial velocity proﬁles at various axial locations in the MERT reactor.
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Figure 7.3.10: RMS radial velocity proﬁles at various axial locations in the MERT reactor.
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Figure 7.3.11: RMS azimuthal velocity proﬁles at various axial locations in the MERT
reactor.
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ﬂow motion induced by the rib. If the radial RMS velocity remains globally small in terms of
magnitude compared to the other components, a peak value of 0.1×Ub is found downstream
the rib, which is 3 times higher than in the smooth reactor. The peak magnitude slightly
decreases as the ﬂow goes farther downstream the rib and moves progressively toward the
reactor center. In the near-wall region, radial ﬂuctuation magnitude is found more important
than mean radial velocity, most of the radial mixing in the reactor being due to turbulence.
Azimuthal RMS velocity magnitude is important in the near-wall region and in particular
just downstream the rib where a peak value of 0.2× Ub is observed. Azimuthal ﬂuctuations
are found slightly lower downstream the position X+ = 17.5 but remain important. Like
for other RMS velocity components, the azimuthal ﬂuctuation magnitude decreases progres-
sively from the peak location to the reactor center, becoming negligible close to the reactor
centerline.
7.3.2 Pressure loss
The axial evolution of pressure induced by the mass source term Sρ is displayed in Fig. 7.3.12
for both reactors. The pressure loss is found to be higher for the MERT reactor than for the
BARE reactor (∆P = 36.84 kPa for the MERT reactor and ∆P = 15.81 kPa for the BARE
reactor). As expected, the mean pressure at the coil outlet is very similar for the two reac-
tors (Poutlet = 224.19 kPa for the BARE reactor and P˙outlet = 224.16 kPa for the MERT
reactor). The correlation from Petukhov correlations [77] (Eq. (2.3.9)) and from Vicente et
al. [16] (Eq. (3.2.19)) are superimposed to the curves for the BARE and the MERT tube
respectively. The agreement is good for the two reactors.
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Figure 7.3.12: Mean pressure axial evolution in both reactors.
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7.3.3 Thermal behavior
Temperature distribution
The axial evolution of the bulk temperature Tb inside the two reactors is displayed in
Fig. 7.3.13. Starting from the same inlet temperature, the temperature keeps increasing
as the wall heat ﬂux brings energy to the domain. A similar evolution is shown for the two
reactors. Because of a more important wall heat ﬂux, the bulk temperature increases faster
in the MERT reactor. For both reactors, a fast increase can be observed in the ﬁrst 3 meters
of the reactor since butane cracking reaction rates do not activate much at these temper-
atures. Then, the bulk temperature increases more slowly because of the increasing rate
of endothermic chemical reactions and of a progressive decrease of the wall heat ﬂux. Coil
outlet temperature are 1177 K and 1192 K for the BARE and MERT reactors respectively.
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Figure 7.3.13: Axial evolution of the bulk temperature inside both reactors.
The temperature distribution inside the two reactors exhibits a considerable diﬀerence
because of the enhanced turbulence and heat transfer induced by the inner surface roughness
of the MERT reactor. As an example, temperature distributions in the X-normal reactor
planes are shown in Fig. 7.3.14 for both geometries 2.2 meters away from the coil inlet.
The temperature ﬁeld is much more homogeneous in the MERT reactor than in the BARE
reactor. Figure 7.3.15 shows instantaneous skin temperature in both the BARE and MERT
reactors in a one pitch long domain at the same location. Whereas the skin temperature is
relatively uniform in the BARE reactor, the MERT reactor shows a lower skin temperature
at rib top, where the ﬂow accelerates due to the section narrowing leading to a more impor-
tant heat transfer. Between the ribs, the skin temperature remains relatively uniform.
Wall heat transfer
The axial evolution of the Nusselt number is shown in Fig. 7.3.16 for both reactors. The
Dittus-Boelter correlation (Eq. (2.3.13)) for smooth tubes is superimposed. In the BARE
reactor, the Nusselt number slightly increases in the ﬁrst four meters of the coil, reaching a
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Figure 7.3.14: Instantaneous temperature distribution in the streamwise-normal plane for
(a) the BARE reactor and (b) the MERT reactor, 2.2 meters away from the coil inlet.
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Figure 7.3.15: Comparison of instantaneous skin temperature, 2.2 meters away from the coil
inlet, for the BARE and the MERT reactors.
value of about 120. It then slowly decreases and ﬁnally reaches a value of about 100. The
Nusselt number in the BARE reactor is found lower than the Dittus-Boelter correlation due
to the unsteadiness of the simulation, the applied wall heat ﬂux keeping decreasing in the
largest part of the reactor and the endothermic reactions occurring non-uniformly in the
domain modifying the temperature distribution. As expected, the Nusselt number is higher
in the MERT reactor, assessing a better heat transfer at the wall. The Nusselt number is
found higher in the MERT reactor than in the BARE reactor by 20 % to 35 %.
Figure 7.3.17 shows the local Nusselt number evolution in a 1-rib pitch long domain, at a
distance of 2.2 meters from the MERT reactor inlet. The Nusselt number increases sharply
over the upstream side of the rib, and is found maximum at the rib top. It then decreases
on the downstream side of the rib. The heat transfer eﬃciency is minimal just downstream
the rib, but slightly increases until position X+ = 7. From position X+ = 7 to the next rib
it slowly decreases to ﬁnally reach a similar value than at position X+ = 0.
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Figure 7.3.16: Nusselt number axial evolution in both reactors.
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Figure 7.3.17: Axial evolution of the local Nusselt number around the rib at 2.2 meters from
the coil inlet.
7.3.4 Chemical production
Mass fraction
The axial evolution of n-butane n-C4H10 dry mass fraction is compared in Fig. 7.3.18 for
the two reactors. Butane conversion rate ﬁrst increases progressively in the reactor because
of constantly increasing bulk and wall temperatures. At the end of the process, dry butane
mass fraction is similar and equal to 0.0701 in both reactors. This corresponds to a butane
conversion of 92.99%, which is a value representative of the industrial process. Butane con-
version rate is similar in both geometries in the ﬁrst 2 meters of the coils, as the inner wall
temperature is similar and bulk temperatures do not diﬀer too much. Because of an increas-
ing diﬀerence in bulk temperature, the feed conversion rate progressively becomes higher
in the MERT reactor. Despite cooler ﬂow in the BARE reactor, similar feed conversion is
reached at the coil outlet thanks to a longer coil length leading to a higher residence time.
Note that butane conversion rate progressively decreases in the second half of both reactors,
mostly due to the progressive rarefaction of butane.
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Figure 7.3.18: Axial evolution of butane dry mass fraction for both reactors.
The dry mass fractions of the main products from butane pyrolysis are given in Fig. 7.3.20.
The global evolution is quite similar in the two reactors, although production rates are more
important in the MERT reactor due to higher bulk temperature. This is largely balanced
by the longer length of the BARE reactor, which enables to reach the same butane conver-
sion. Ethylene (C2H4) is the dominant species in mass at the end of the process inside both
reactors, reaching a mass fraction of 0.3978 and 0.3923 in the BARE and MERT reactors
respectively. Thus, the ethylene mass fraction is larger by 1.40% in the BARE reactor, which
is due to both the lower pressure, which is known to favor ethylene production, and to the
temperature distribution. Indeed, ethylene production mostly occurs in very hot regions, i.e.,
the near-wall region, due to reactions requiring high activation energies. This is illustrated
in Fig. 7.3.19, where it can be seen that C2H4 is produced in the near wall region of the
reactor. Being lower than the skin temperature, the bulk temperature has few impact on
ethylene production, whereas it impacts signiﬁcantly the butane conversion. For this reason,
the ethylene produced compared to the butane converted is more important in the BARE
reactor than in the MERT reactor. Propene (C3H6) and Butadiene (C4H6) are two other
valuable oleﬁns produced in important quantities. If propene production rate is as important
as ethylene production in the ﬁrst meters of the reactor, its mass fraction however reduces
in the last few meters due to important concentrations and high temperature favoring its
decomposition. At the reactor outlet, propene mass fraction is equal to 0.1460 and 0.1562 in
the BARE and MERT reactor respectively, which represents a mass fraction more important
by 6.99% in the MERT reactor. Butadiene is the last valuable species to be produced during
thermal cracking, although its mass fraction remains rather small during the process. A
mass fraction of 0.0329 is found at the BARE reactor outlet, while a mass fraction of 0.0345
is found at the outlet of the MERT reactor. It should also be reminded that the reduced
chemical mechanism used is known to over-estimate the butadiene mass fraction. Yet, the
global oleﬁn mass fraction is considered realistic since butadiene only represents a small
fraction of the oleﬁn yield. Moreover, the wall temperature being similar in both cases, the
error in butadiene mass fraction is expected to be similar in both the BARE and the MERT
reactors, making the comparison possible. Finally, methane mass fraction is displayed as it
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BARE MERT Relative
Species Mass fraction Mass fraction difference
[-] [-] [%]
C2H4 0.3978 0.3923 −1.38
C3H6 0.1460 0.1562 +6.99
C4H6 0.0329 0.0345 +4.86
Sum 0.5767 0.5830 +1.09
Table 7.3.1: Dry mass fractions of the valuable products at the reactor outlets.
is produced in important quantity during the process, reaching a mass fraction of 0.1974 in
the BARE reactor and of 0.1975 in the MERT reactor. However, methane is not considered
a valuable by-product of thermal cracking and its production will not be taken into account
for reactor design optimization.
Figure 7.3.19: Instantaneous temperature ﬁled (left) and C2H4 production (right) in both
reactors at a distance of 2.2 meters from the reactor inlet.
Table 7.3.1 sums up the oleﬁn production in both reactors. The temperature distribution
in the MERT reactor highly favors propene and butadiene production but is detrimental to
ethylene production. The sum of all oleﬁns in both reactors is slightly more important in
the MERT reactor (+1.09%).
Selectivity
Rather than looking at the mass fractions in the reactor, it is of great interest to investigate
the selectivity of the produced oleﬁns. The chemical selectivity of a species is deﬁned as
the ratio between the production of this species and the conversion of the feedstock. Com-
parison of selectivities are more relevant than mass fractions as they immediately provide
the amount of species produced for the same amount of converted feed, which is more rep-
resentative of the eﬃciency of the process. Oleﬁn selectivities are displayed in Fig. 7.3.21
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Figure 7.3.20: Axial evolution of dry mass fraction of the main products in both reactors.
as functions of the feed conversion. First, ethylene selectivity keeps increasing with butane
conversion and mixture residence time. Again, the BARE reactor is more suited for ethylene
production as its selectivity remains higher during the whole conversion process. However,
the diﬀerence between the BARE and the MERT reactors progressively decreases with in-
creasing butane conversion, improving the performances of the MERT reactor. As important
butane conversion rates appear favorable to ethylene production, and as ethylene selectivity
still increases at the coil outlet, higher ethylene production could be achieved with longer
residence times in both reactors. Moreover, the selectivity diﬀerence progressively reducing
between the BARE and MERT reactor, longer residence time might enable similar ethylene
production in both reactors. The selectivity of propene is more important in the MERT
reactor. However, like for ethylene, this diﬀerence tends to reduce with increasing butane
conversion and the diﬀerence is not huge at the reactor outlets. It should be noted that the
propene selectivity keeps decreasing during the process, higher butane conversion leading to
lower propene selectivity. In particular, propene selectivity is decreasing fast in the last few
meters of the reactors due to the decreasing propene mass fraction. In order to maximize
the propene production, the MERT reactor should be used and the residence time of the
mixture should be reduced. In particular, the conversion process should be stopped before
propene mass fraction starts to decrease. The selection of the appropriate mixture residence
time is however not easy as optimal propene selectivity appears for very low butane con-
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version, which is diﬃcult to achieved in industrial applications. If butadiene selectivity is
ﬁrst lower in the MERT reactor for small butane conversion, it increases faster and ﬁnally
reaches slightly higher selectivity at the end of the process. The mixture residence time is
well adapted to the maximization of butadiene in both the BARE and the MERT reactors,
as the process stops when butadiene selectivity stops increasing.
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Figure 7.3.21: Selectivity of the main products in both reactors.
Maximizing the total oleﬁn production is not an easy task as, similarly to propene, the
total oleﬁn selectivity quickly drops with the butane conversion. The oleﬁn selectivity de-
creases even faster at the end of the process due to the decreasing mass fraction of propene.
In order to increase the oleﬁn selectivity, the results suggest to lower the butane conversion
and stop the mixture residence time when propene mass fraction reaches a maximum. It
should be noted that the MERT reactor leads to a more important oleﬁn selectivity than
the BARE reactor, mostly due to higher propene selectivity.
Species mass flow rate
The chemical yields at the output of the reactors can be investigated in terms of species
mass ﬂow rate. Unlike the mass fraction, species mass ﬂow rate takes into account the
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BARE MERT Relative
Species Mass flow rate Mass flow rate difference
[kg.hr−1] [kg.hr−1] [%]
C2H4 64.5 63.7 −1.24
C3H6 23.9 25.5 +6.69
C4H6 5.34 5.60 +4.87
Sum 93.7 94.8 +1.17
Table 7.3.2: Comparison of mass ﬂow rates for the main products at the two reactor outlets.
velocity distribution inside the reactor and for this reason are more representative of the
resulting chemical yields. Because species in the near wall region of the reactor are moving
slower, their mass ﬂow rate at the reactor outlet is less important and fewer species yield
is obtained. The velocity distribution being diﬀerent in the BARE and MERT reactor, the
resulting species mass ﬂow rate is impacted, as shown in Fig. 7.3.22. Despite more homoge-
neous temperature and species distributions, the less homogeneous velocity makes the mass
ﬂow rate distribution more stratiﬁed in the MERT reactor.
10
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Figure 7.3.22: Comparison of ethylene mass ﬂow rate in the stream-wise normal plane at
the reactor outlets.
Table 7.3.2 provides the species mass ﬂow rates at the outlets of the BARE and MERT
reactors. The comparison between the two reactors leads to quite similar results than those
observed with the species mass fractions, the MERT reactor leading to lower ethylene produc-
tion but higher propene and butadiene yields. It can be noticed however that the diﬀerence
in chemical yields between the two reactors tends to decrease when considering the mass ﬂow
rate rather than the mass fraction, and in particular the diﬀerence in ethylene yield is found
lower. As a result, the MERT reactor appears slightly more advantageous when looking at
the mass ﬂow rate, an oleﬁn production of +1.17 % being found (instead of +1.09 % with
the mass fractions).
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Low pressure High pressure Relative
Species Selectivity Selectivity difference
[%] [%] [%]
C2H4 41.50 41.42 −0.187
C3H6 15.97 16.01 +0.250
C4H6 3.784 3.794 +0.264
Sum 61.25 61.22 −0.049
Table 7.3.3: Selectivity of the valuable products at the 0D reactor outlet.
7.3.5 Pressure influence on selectivity
The diﬀerences in observed chemical production rates between the BARE and MERT reac-
tors are due to the diﬀerences both in temperature distribution and in operating pressure.
Indeed, higher pressure required in the MERT reactor due to more important pressure loss
is known to be detrimental to some species formation, and can explain the less important
ethylene production. In order to investigate the impact of the pressure diﬀerence alone
on the chemical yield, two 1D reactive simulations are performed with the kinetic software
CANTERA, following the methodology presented in Section 7.1.4. In these simulations, only
the operating pressure is changed and temperature is the same. Note that, because of the
very small diﬀerence in butane conversion due to the operating pressure, the high-pressure
coil is very slightly longer in order to reach similar feed conversion. Moreover, the pressure
evolution inside the 1D simulation is controlled in order to mimic the pressure evolution
inside the BARE and MERT reactors: the inlet pressure is set to 242 kPa and to 261 kPa
for the simulation representative of the BARE reactor and of the MERT reactor respectively,
while the outlet pressure is set to 224 kPa in both cases.
The evolution of temperature, pressure and the most important product mass fractions
is displayed in Fig. 7.3.23. The chemical yield is shown to be slightly impacted by the dif-
ference in pressure. Table 7.3.3 gives the species selectivities at the coil outlets. Pressure
impacts the chemical yield the same way than observed in the BARE and MERT reactors:
higher pressure favors propene and butadiene production while reduces ethylene production.
However, the impact of pressure on the chemical yields is much smaller than observed in
the 3D reactive simulations of the BARE and MERT reactors. In particular the total oleﬁn
yield is almost independent of the operating pressure, since the ethylene production penalty
is balanced by higher propene and butadiene production. For this reason, it appears that
the diﬀerence in terms of oleﬁn selectivity between the BARE and the MERT reactors is
mostly due to the temperature distribution and pressure diﬀerence is seen to only play a
minor role in this case.
It should be noted that in millisecond reactors, due to the short reactor length, pressure
drop remains moderate even in the MERT reactor. In longer reactors however, the pressure
drop might be much more important, leading to a more important impact of pressure on
the oleﬁn yields. This is investigated based on 0D simulations, keeping similar temperature
evolution but modifying the inlet pressure. Several simulations are performed, increasing
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Figure 7.3.23: 1D simulations of butane cracking, for similar temperature conditions but
diﬀerent pressure evolutions.
the coil inlet pressure up to 435 kPa, and the corresponding oleﬁn productions compared to
the BARE reactor operating conditions are shown in Fig. 7.3.24. It can be noted that the
pressure penalty on oleﬁn yield remains limited with small pressure drop, which is consistent
with the previous conclusions. Important pressure drop however induces much lower oleﬁn
production and artiﬁcially roughened reactors which are several tenth of meters long might
induce pressure conditions which are greatly damageable to the oleﬁn production. Note that
the study is performed with both the detailed and the reduced mechanisms, and the very
similar results assess an accurate prediction of the reduced mechanism over a wide pressure
range.
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Figure 7.3.24: Total oleﬁn production relative to the BARE reactor as a function of the
reactor inlet pressure, based on 1D simulations. Results with both the detailed POLIMI and
the reduced C4H10 33 182 14 RC mechanisms are reported.
7.3.6 Coke formation rate
Very high temperatures in cracking reactors lead to coke production, which is an undesired
by-product. Coke is known to considerably reduce the heat transfer eﬃciency over time due
to its low heat capacity. To balance this eﬀect and maintain the cracking severity of the pro-
cess, heat provided to the reactor must be progressively increased over time, which means an
increase of the outer coil surface temperature. Once the critical temperature for the reactor
material is reached, steam cracking process has to be stopped and a long and costly decoking
process must be applied. Moreover, the coke layer on the wall surface increases the pressure
drop, which is damageable for the chemical selectivity of ethylene.
As coke is a solid compound that forms very slowly, in this work coke production re-
actions are not included in the reaction network used and coke formation is not simulated.
However, the coke formation rate at the wall can be a posteriori estimated from a kinetic
model depending on the wall temperature and the species concentrations. In the present
work, the model of Towﬁghi et al. [186], presented in Section 4.4, is used. It is based on a
set of 7 precursors that form coke via a set of parallel reactions, 3 of them being unsaturated
hydrocarbons (ethylene, propene and butadiene) and 4 of them being aromatics (benzene,
toluene, xylene and styrene). Among the species transported in the C4H10 33 182 14 RC
mechanism, benzene is the only aromatic, which makes impossible the use of the concen-
tration of other aromatics in the coking model. From 1D simulations using the detailed
mechanism, benzene is known to be the aromatic species produced in larger quantities dur-
ing butane thermal cracking (Ybenzene = 0.0414 for simulation at bulk temperature), while
the produced mass fractions of other aromatics are low (Ytoluene = 0.0123, Yxylene = 0.003
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and Ystyrene = 2 × 10−6 for simulation at bulk temperature), making the use of benzene as
the only aromatic precursor an acceptable assumption.
The axial evolution of coke formation rate in both BARE and MERT reactors is repre-
sented in Fig. 7.3.25. Coke formation rate displayed in Fig. 7.3.25 are estimated from the
wall temperature averaged over the tube skin in the one-pitch long periodic domain. There
is no coke formation at the reactor inlet, because of the lack of coke precursor in this region.
Downstream the inlet, the coke formation rate increases quickly as both the wall tempera-
ture and the coke precursor concentration increase in the reactors. In both the BARE and
MERT reactors, the maximum coke formation rate is found near the coil outlet due to both
relatively high temperatures and maximum concentration of coke precursors. Maximum coke
production rate is quite similar in both reactors, and is found to be equal to 5.16 g/m2/hr in
the BARE reactor and to 5.09 g/m2.hr in the MERT reactor. Due to relatively uniform skin
temperature between the ribs, the predicted averaged coking rate is expected to be satisfac-
tory. The skin temperature is however lower on the rib, and lower coke formation could be
expected at this location. Coke formation being a complex and not completely understood
yet phenomenon, the exact impact of the ﬂow dynamics on the coking rate is not be taken
into account in the coking model, leading to approximate prediction of the coking rate on
the rib surface and in the recirculation zones.
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Figure 7.3.25: Axial evolution of coke formation rate in both reactors.
The computation of the process run length is then done based on the coke formation
rate estimation. Considering constant inner wall temperature, wall heat ﬂux and coking
rate, the outer coil temperature is determined as a function of the thermal resistance of
the wall, which depends on both the coil material properties and the coke layer properties.
Equation (7.3.1) is used to compute the outer wall temperature:
Touter = Tw + qw ×
(
ecoil
λcoil
+
ecoke
λcoke
)
(7.3.1)
with qw the wall heat ﬂux, e the thickness of the material layer and λ the thermal conductiv-
ity of the material. Properties of the coil material and coke are summarized in Table 7.3.4.
The end of the run length is reached when the outer wall temperature reaches the maximum
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Material properties
Coil thickness 6.705 mm
Coil thermal conductivity 30.0 W.m−1.K−1
Coke thermal conductivity 6.46 W.m−1.K−1
Coke specific gravity 1680 kg.m−3
Table 7.3.4: Informations about material properties.
BARE MERT
Run length [hr] 542 289
Run length [days] 23 12
Days of production per year 342.5 324.8
C2H4 production [ton/year] 530.2 496.6
C3H6 production [ton/year] 196.5 198.8
C4H6 production [ton/year] 43.9 43.7
Olefin production [ton/year] 770.6 739.1
Table 7.3.5: Estimation of the oleﬁn production over one full year.
allowed temperature for the coil material integrity Tmax, which is set in this work to 1373 K
to be representative of industrial conditions.
Table 7.3.5 summarizes the run length and oleﬁn production estimated during one year for
each reactor. From the coke formation estimation, a run length time of 542 hours is expected
for the industrial process with the BARE reactor before critical temperature Tmax = 1373 K
is reached, and the production have to be stopped for decoking procedure. This run length
time is reduced to 289 hours with the MERT reactor, not because of higher coke formation
but because of higher wall heat ﬂux, leading to more important coil outer temperature ac-
cording to Eq. (7.3.1). Considering an approximative decoking time of 36 hours, the BARE
reactor allows 342.5 days of productions per year, when the MERT reactor only reaches
324.8 days of production on the same period. Then, based on the instantaneous ethylene
production given in Table 7.3.2 and considering a constant ethylene mass ﬂow rate at the
reactor outlet, the BARE reactor produces 770.6 tons of oleﬁns every year at the given op-
erating condition, and the MERT reactor only produces 739.1 tons of oleﬁns per year. It
appears that the shorter run length induced by the higher wall heat ﬂux plays in favor of
the BARE reactor, despite slightly lower instantaneous oleﬁn production.
However, it should be kept in mind that this method for evaluating the coil run length is
not fully accurate, ﬁrst because of the global estimation of the coke formation at the wall and
second because of the hypothesis of constant wall heat ﬂux and coking rate made. Accurate
prediction of coke formation would require coupled simulations solving the heat ﬂux inside
the solid wall, with progressive increase of the coke layer. As such simulations have not been
performed in the this work, estimation of coke formation is given for information, but is not
used in the optimization process. Thanks to the similar wall temperature condition in all
investigated reactors, coke formation rate is estimated to be quite similar in all reactors,
leading to similar run length despite the fact that higher applied wall heat ﬂux in the MERT
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reactor most probably leads to slightly shorter coil run length in this case.
7.4 Conclusion
In this chapter, butane cracking chemistry has been reduced to be used in LES and validated
against 1D PSR calculations performed with Cantera. 3D turbulent reactive simulations of
butane cracking process within the industrial conﬁgurations of the BARE and MERT reac-
tors have been performed thanks to the C4H10 33 182 14 RC mechanism. The numerical
methodology used corresponds to the methodology developed in Chapter 6, and the wall heat
ﬂux is imposed in both geometries in order to reach similar wall temperature in both cases.
The two reactors are compared at similar operating conditions, i.e. similar wall temperature
and feed conversion, which leads to a longer coil length for the BARE reactor.
It is observed that despite a more homogeneous temperature in the MERT reactor ethy-
lene selectivity is not better. The pressure loss penalty induced by the artiﬁcial roughness
increases the ethylene yield penalty in the MERT reactor, although the inﬂuence of pres-
sure on the oleﬁn production is small compared to the inﬂuence of temperature distribution.
However, the advantage of the MERT reactor relies on higher propene and butadiene yield,
achieved thanks to better mixing and faster heat transfer. Therefore, the total oleﬁn pro-
duction is slightly higher in the MERT reactor. Due to similar wall temperature, coking
rates are very similar in both geometries and lead to similar run length.
From this study, the BARE reactor seems to be more adapted to ethylene production due
to lower pressure loss and stratiﬁed temperature. The ethylene selectivity could be further
increased with diﬀerent operating conditions, such as a longer residence time or diﬀerent
wall temperature, which could lower the coke formation. Ribbed geometries appear how-
ever more interesting for the maximization of total oleﬁn production, mostly due to higher
propene production. As homogeneous temperature and in a lower proportion higher pres-
sure drop favor propene and butadiene production, an optimal roughened geometry which
maximizes the oleﬁn production for the given operating point could be determined. It should
ﬁnally be noted that only one operating point is considered in the current study and oleﬁn
selectivity could be increased by the selection of another operating point. It has been shown
that smaller residence time increases signiﬁcantly the oleﬁn selectivity and a diﬀerent wall
temperature proﬁle could also lead to higher oleﬁn production, especially when considering
the corresponding coke formation.
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Chapter 8
Heat exchanger optimization
In this chapter, a ﬁrst optimization of the cracking reactor design is performed.
This optimization is based on a set of non-reactive simulations and aims at
maximizing the heat transfer eﬃciency while minimizing the pressure loss. As a
result, an innovative tube shape is obtained, which is an optimal heat exchanger
considering the given uncertain parameters and might be applied in many indus-
trial applications. If this optimal reactor geometry might be used for cracking
applications, there is however no warranty that this reactor design is the best
geometry to increase oleﬁn selectivity, chemical reactions being excluded from this
optimization process.
This chapter is organized as follow: the methodology used to optimize the reactor
design is ﬁrst described. In particular, the construction of the response surface
from a set of numerical simulations and the algorithm used to smartly add new
simulations are presented. The numerical methodology for the simulations is then
detailed in a second part, along with the automatic construction of reactor design
and meshing. After this, the results of the optimization procedure is shown, ﬁrst
for designs including a continuous rib and then for designs with discontinuous ribs.
The optimal heat exchanger design is investigated in details in sections 5 and 6.
Finally, this optimization of discontinuously ribbed tube is extended to dimpled
heat exchangers with few additional simulations of smoother design based on the
optimal geometry. Conclusions about the optimization procedure are drawn in the
last section of the chapter.
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8.1 Optimization Methods
Among the numerous methods that can be used for optimization are the one taking advan-
tages of a surrogate model. Is called a surrogate model a function estimating the unknown
target objective function for any set of input parameters, constructed from few observations
at particular set of input parameters. Surrogate models are also often referred as meta model
or response surfaces in the literature. When dealing with complex cases, the numerical cost
is such that only a limited number of simulations can be performed. However, ensuring
the convergence of an optimization requires a minimal number of such evaluations for both
deterministic and stochastic methods. In this context, building a surrogate model allows
to overcome the computational cost. As this surrogate model is being used for optimiz-
ing the problem, its quality is paramount. Reﬁning the space of parameters, leading to a
quality improvement of the model, can improve the optimization. A recent review of the
optimization methods taking advantage of surrogate models is proposed by Forrester and
Keane (2009) [213].
Figure 8.1.1 represents all the classical steps of optimization based on a surrogate model.
Deﬁnition of the problem
Design of experiment
Observations
Surrogate model
Optimization End
Addition of a new 
sample point
End criterion 
reached 
?
yes
no
Figure 8.1.1: Workﬂow of a classical surrogate model optimization framework.
In this study, the open-source software BATMAN [214], developed at CERFACS, is used
to perform the optimization. BATMAN handles all the workﬂow from the design of ex-
periments to the creation of the surrogate model and the optimization. Although several
optimization steps require other speciﬁc softwares, the complete optimization procedure is
made entirely automatic through BATMAN thanks to appropriate scripting, saving a lot of
time. A more complete workﬂow speciﬁc to the current optimization, including the selected
methods and softwares is presented on Figure 8.1.2. Section 8.1 gives the global framework
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required to understand how surrogate models can be used for optimization, while more in-
formation about the optimization methodology selected for the current work are given in
Section 8.2.
Design of experiment 
Halton 
BATMAN
CAO and Meshing 
Unstructured mesh 
CFD-Geom and Centaur
Observations 
Numerical simulations 
AVBP
Surrogate model 
Gaussian Process 
BATMAN
Optimization 
Eﬃcient Global Optimization 
BATMAN
End
Addition of a new 
sample point 
BATMAN
End criterion 
reached 
? 
Budget
yes
no
Deﬁnition of the problem
Figure 8.1.2: Workﬂow of the optimization procedure used in the current work. Selected
methods are written in dark blue and used softwares are written in red.
8.1.1 Surrogate Model using Gaussian Processes
The optimization process based on several LES requires an interpolation of the datas in
order to estimate the value of the response function everywhere in the optimization domain
from a moderate number of predictions, i.e. simulations. Figure 8.1.3 illustrates this predic-
tion problem: given some observations of the function f(x) at some speciﬁc locations x, one
would be interested in estimating the value of the function f(x) at a new location x∗.
To do so, some assumptions need to be done about the underlying function f(x). For
example, the function can be expected to be linear, quadratic or of any other polynomial or-
der, and the best coeﬃcients to apply to the function can be determined by the least-squares
method. However, the main drawback of such an approach is that prior knowledge about the
shape of the response function is required, as a wrong selection of the speciﬁc model leads to
a very poor estimation of the response function, in particular when few observations are done.
Gaussian process regression enables to predict the shape of the response function from a
more general method, resulting in more basic assumptions about f(x) and a less restrictive
shape for the surrogate model. Rasmussen and Williams [216] deﬁnes a Gaussian process as
follows:
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f
(x
)
x
Figure 8.1.3: Example of the sampling of function f(x). Six observations of the function are
represented by the symbol •. The objective of the surrogate model is to estimate f(x) for
all values of x given the known observations, for example at x∗ = 0.2. Source: [215]
Definition 1 A Gaussian process is a collection of random variables, any ﬁnite number of
which have a joint Gaussian distribution.
Less formally, Gaussian process extend multivariate Gaussian distributions to inﬁnite
dimensionality. Considering n observations of the response function y = {y1, ..., yn} as a
single point sampled from a n-variate Gaussian distribution, the data can be pictured as a
Gaussian process. Like any Gaussian distribution, a Gaussian process is completely speciﬁed
by its mean function m(x) and covariance function k(x,x′) only:
m(x) = E[f(x)] (8.1.1)
k(x,x′) = E[(f(x)−m(x))(f(x′)−m(x′))] (8.1.2)
Note that in Eq. (8.1.1) and (8.1.2), as well as in all the present manuscript, variable
written in bold are vectors. If it is assumed that the mean of the distribution is zero, as
it is commonly done in practice, what relates one observation to another is the covariance
function k(x,x′). The shape of the covariance function must be speciﬁed a priori from the
expected response function and is the only necessary assumption on the function f(x). Note
that this assumption remains less restrictive than a classic interpolation. In the present
section, a ’squared exponential’ covariance function is used as an example as this is a very
popular choice when dealing with little input parameters [216]. In one dimension, it writes:
180
CHAPTER 8. HEAT EXCHANGER OPTIMIZATION
k(x, x′) = σ2f exp
[−(x− x′)2
2l2
]
+ σ2nδ(x, x
′) (8.1.3)
with σf , σn and l constants to be determined, and δ(x, x′) the Kronecker delta function.
Note that if x ≈ x′, the covariance function tends to its maximum and the covariance tends
to zero when x and x′ have very diﬀerent values. This means that the correlation between
f(x) and f(x′) is maximal when the input data are close, and tends to zero when the input
data are far, distant observation having negligible impact on each other.
The objective of the regression is to predict the value y∗ of the response function at a
location x∗ where no observation is available. To do so, one should compute the covariance
function (8.1.3) over all possible combinations of points x and x∗, summarizing the results
in the following matrices:
K =

k(x1, x1) k(x1, x2) · · · k(x1, xn)
k(x2, x1) k(x2, x2) · · · k(x2, xn)
...
...
. . .
...
k(xn, x1) k(xn, x2) · · · k(xn, xn)
 (8.1.4)
K∗ =
[
k(x∗, x1) k(x∗, x2) · · · k(x∗, xn)
]
(8.1.5)
K∗∗ = k(x∗, x∗) (8.1.6)
Because of the assumptions that the data is following a multivariate Gaussian distribu-
tion with a zero mean, it can be written:
[
y
y∗
]
∼ GP
(
0,
[
K KT∗
K∗ K∗∗
])
(8.1.7)
with the superscript T indicating a matrix transposition. The probability of prediction y∗
knowing the data y is written p(y∗|y) and this probability follows a Gaussian distribution.
Then, the best estimate for y∗ is the mean of this Gaussian distribution given by Eq. (8.1.8)
and the variance of this prediction is computed from Eq. (8.1.9). More informations about
the computation of the mean and variance of the prediction are given in Appendix C.
y∗ = K∗K−1y (8.1.8)
var(y∗) = K∗∗ −K∗K−1KT∗ (8.1.9)
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Then, a second advantage of Gaussian process for regression over classical interpolation
is the fact that it gives the variance of the response function around the best estimate y∗,
which enables to compute a conﬁdence interval around the best estimation for y∗. This
conﬁdence interval is used in the optimization procedure, as explained in Section 8.1.3.
An illustration of the Gaussian process method to construct a surrogate model is given
by Rasmussen and Williams [216]. For the sake of clarity, a one-dimensional problem is
considered, although Gaussian process can be extended to higher dimensions. Figure 8.1.4a
shows several functions plotted at random, but constrained by a particular covariance which
favors smooth functions. In the absence of any knowledge about the real underlying function
(as no observations are performed) the mean value of the Gaussian process is set to zero and
the covariance function is selected based on an assumed kind of function it is expected to
observe. This set of possible functions constrained only by the properties of the Gaussian
process is called the prior distribution. Note that the mean of a speciﬁc function represented
in Figure 8.1.4a might be diﬀerent from zero, but the mean of f(x) values for any x would
become zero as the number of plotted function increases. The shaded region denotes twice
the pointwise standard deviation of the functions and depends on the covariance function
used.
When adding some observations of the underlying function, more information is added
to the problem. As an example a dataset consisting of two observations is added to the
prior distribution of Figure 8.1.4a and the result is represented on Figure 8.1.4b. Only the
functions passing through these two points exactly are considered. Although there still exist
an inﬁnity of possible functions, the mean of all those realizations, given by Eq. (8.1.8), is
not zero anymore and can be seen as the ’most probable model’ representing the under-
lying function. Note that the uncertainty computed from Eq. (8.1.9) is reduced close to
the observations. The combination of the prior and the observations leads to the posterior
distribution function, represented on Figure 8.1.4b.
8.1.2 Determining the Hyperparameters
The computed values for predictions of y∗ from Gaussian process depends greatly on the
covariance function (Eq. (8.1.3)), hence depends on the values of the parameters σf , σn and
l. Those three parameters are called the hyperparameters of the covariance function, and
the set of hyperparameters is noted θ. Optimal values for the hyperparameters are not easy
to ﬁnd as they depend on the objective function, the user only having a vague idea of its
properties.
In this work, the selection of the hyperparameters is done by an optimization procedure.
The idea is to get the most probable predictions y given the input points X from a statistical
point of view. We introduce here the marginal likelihood (also called evidence) p(y|X). The
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(a) Prior. (b) Posterior.
Figure 8.1.4: Examples of functions constrained with Gaussian Process. Source: [216]
marginal likelihood is the integral of the likelihood times the prior over all the gaussian
distributions f:
p(y|X) =
∫
p(y|f,X)p(f|X)df (8.1.10)
with p(f|X) the prior distribution and p(y|f,X) the likelihood. More informations about the
prior, likelihood and marginal likelihood are given in Appendix C. Maximizing the marginal
likelihood means maximizing the probability of the predictions to be true. For stability
reason it is easier to maximize the logarithm of the marginal likelihood, given by:
log p(y|X) = −1
2
yT (K + σ2nI)
−1y− 1
2
log|K + σ2nI|−
n
2
log(2π) (8.1.11)
The software BATMAN uses a diﬀerential evolution method to optimize Eq. (8.1.11).
This method is an evolutive algorithm that does not require any derivative computation of
the function and is well adapted to ﬁnd an optimum of a multivariate function over a large
domain. However, this method often requires larger number of function evaluations than
more conventional gradient based techniques, which is not a huge problem in the context of
this work as a function evaluation from the surrogate model is not very time consuming.
8.1.3 Resampling using Efficient Global Optimization
Once the surrogate model is constructed, providing a ﬁrst estimation of the underlying
response function, one may be interested in adding new sample points (or observations)
and compute a new and more precise surrogate model. The objective may be either to
investigate more precisely the region where best results are observed or to explore regions
with less interesting predictions but high uncertainty due to fewer observations. Because the
number of function evaluation is severely limited by the computational cost, the selection of a
new sample point should be done with care. The Eﬃcient Global Optimization (EGO) [217]
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is a Bayesian optimization taking into account the variance of the model, which is accessible
from the Gaussian process (Eq. (8.1.9)). For example, when trying to minimize a function,
the objective of the optimization is to improve the current solution ymin. The improvement
is computed as:
I(x)
{
ymin − y∗(x) if y∗(x) < ymin
0 otherwise
(8.1.12)
Using the surrogate, the prediction is expressed as a random process which follows a
normal distribution N(y∗, s2). Thus, the objective is to get the maximal mean improvement.
The Expected Improvement (EI) is computed as a tradeoﬀ between the minimal value fmin
and an expected value given by the standard error s for a given prediction y∗(x). It reads:
E[I(x)] = (fmin − y∗)Φ
(
fmin−y∗(x)
s
)
+ sφ
(
fmin−y∗(x)
s
)
(8.1.13)
with φ(.) and Φ(.) the standard normal density and the cumulative distribution functions
respectively. An example of Expected Improvement function is shown on Figure 8.1.5. High
values of the expected improvement function (Eq. (8.1.13)) can be achieved either from a
maximization of the diﬀerence between the minimal value and the predicted response or
from an important standard deviation s. The ﬁrst cause is said to exploit the model while
the other is said to explore it.
Figure 8.1.5: Example of Expected Improvement function (green line) in one dimension.
Left scale is for the objective function and right scale is for the Expected Improvement. (a):
the function suggests an exploitation of the model. (b): after exploiting the model once, the
Expected Improvement is more favorable to exploration. Source: [217]
8.2 Selected methodology
As illustrated on Figure 8.1.1, the optimization procedure starts with the deﬁnition of the
problem. This section deals with the selection of the geometrical parameters to optimize
and the cost function to maximize, which constitute the core of the optimization problem.
The automatic generation of reactor geometries and meshes are also presented. Finally, the
numerical methodology used to simulate the ﬂows in heat exchangers is reminded and the
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method to select the initial design of experiment is introduced.
8.2.1 Geometrical parameters to optimize
Optimal helically ribbed designs are investigated for heat exchanger applications. Simulated
heat exchangers are tubular geometries with a single-started helical rib added on the inner
surface inducing artiﬁcial roughness for heat transfer enhancement. Unlike in the MERT re-
actor, several discontinuities can be inserted in the rib, which gives access to a wide variety
of artiﬁcial roughnesses. Figure 8.2.1 represents an example of simulated ribbed reactor with
a discontinuous rib. For comparison purpose, all tubes have an identical diameter D = 38.1
mm, like the already simulated BARE and MERT cracking reactors.
Figure 8.2.1: Examples of reactor geometries including discontinuous ribbed geometries. For
each geometry two pitches are represented.
The rib has the same rounded shape as the MERT reactor, with a ﬂoor width w equal
to 3.2864 times the rib height e. The rib cross-section is then fully characterized only by
its height e. In addition to e, an important geometrical parameter for the rib shape is the
rib pitch p. Both e and p are geometrical parameters used for optimization. Note that in
this study the pitch-to-height ratio p/e always remains larger than 8. According to [116], all
ribbed reactor geometries then belong to the K-type roughness (p/e > 4) known to greatly
aﬀect the bulk ﬂow and enhance heat transfer. This choice is justiﬁed by the fact that K-type
roughness is known to greatly aﬀect the bulk ﬂow and enhance heat transfer, while D-type
roughness (p/e < 4) is known to lead to a poor heat transfer eﬃciency, which makes investi-
gation of such roughness irrelevant for heat exchanger optimization. As highlighted by the
experimental work of Ravigururajan and Bergles [108], the shape of the rib cross-section has
little inﬂuence on the heat transfer enhancement compared to its height and pitch, justifying
a constant rounded shape in the current work. Rib discontinuities are also introduced as
geometrical parameters to optimize. Their size and position are fully characterized by the
number of discontinuities per pitch, which is a geometrical parameter noted ND, and the
length of the discontinuity relative to the length of the remaining ribs, called the emptiness
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Geometrical Minimal Maximal
Parameter value value
e [mm] 0.5 4.5
p [mm] 40 160
ND [-] 0 5
Er [-] 0.20 0.80
Table 8.2.1: Geometrical parameters to optimize and their minimal and maximal considered
values.
ratio and noted Er in the present work. ND and Er are therefore additional geometrixal pa-
rameters to optimize, making the total number of input geometrical parameters to optimize
equal to 4.
All geometrical parameters to optimize are summarized in Tab. 8.2.1, with their minimum
and maximum values investigated in this work. Maximum values for p and ND were selected
in order to keep the computational cost of the study to a reasonable value, the required
simulation time increasing greatly with the increase of those parameters. The allowed range
for Er is important, as Er = 1 corresponds to the already extensively studied smooth tube
geometry and Er = 0 reduces to the case of a continuous rib, already investigated with
ND = 0.
8.2.2 Cost function
The objective when designing a heat exchanger is to increase the heat transfer eﬃciency at
the wall, while keeping to a minimum the pressure loss. Based on this consideration, the cost
function to optimize is expected to depends on both Nug and fg. In this study, it is chosen
to maximize the objective function developed by Webb and Eckert [147], already deﬁned in
Eq. (3.4.7) and reminded here:
Fcost =
St/Sts
(f/fs)
1/3
(8.2.1)
This objective function (or cost function), noted Fcost, compares the heat transfer ef-
ﬁciency of each roughness to an equivalent smooth tube for similar pumping power and
exchange area (but not for a similar Reynolds number), and is sometimes used for the selec-
tion of better heat exchanger designs [124, 150]. To the author’s knowledge, this objective
function is however used for the ﬁrst time in a real optimization procedure.
8.2.3 Automatic domain generation and meshing
In order to save a great amount of time and eﬀort, the generation of both computational
domains and meshes is done automatically. In addition to the numerous initial simulated
geometries, the optimization procedure is based on a smart and progressive resampling of
the simulations, which requires iterative construction of the computational domains and
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motivates further the implementation of an automatic generation. This is made possible by
BATMAN, which allows internal scripting of the instructions, and using CAO and meshing
softs that also enable scripts. Python scripts allowing communication between the three
softwares were created for this purpose.
The computational domains consist in one pitch long periodic tubes, following the same
methodology as previously used for the simulation of steam-cracking process in BARE and
MERT reactors. Their generation is done via the software CFD-GEOM [218], which makes
easy the generation of simple geometries. Examples for generated geometries are presented
on Figure 8.2.1.
Because of the complex ﬂow in the near-wall region due to the presence of the rib, no
wall law is applied. The grid is instead suﬃciently reﬁned in the near-wall region and in
the rib vicinity and a no-slip boundary condition is applied. As shown in Chapter 5, a
wall resolution of y+ ≈ 10 is found to be a good trade-oﬀ between computational cost and
accuracy, so similar resolution criterion is targeted in the current optimization process. As
all simulations are performed at similar Reynolds number, a wall distance of the ﬁrst grid
point away from the wall y = 0.323 mm is imposed between two ribs in all simulations,
holding a wall resolution y+ < 20 for all simulated geometries. Because of the expected ﬂow
acceleration on the top of the rib, the cell size is twice smaller on the rib surface to ensure
the same resolution criterion. The cell size is progressively increased toward the centerline
to meet LES mesh criteria. Finally, the smallest cell volume is ﬁxed to 2.0 × 10−13 m3 in
all computational domains in order to control the computational time step. Depending on
the simulated geometry, resulting meshes contain 2 to 6 million nodes. The mesh generation
is automatically performed via the software Centaur [219] which allows a scripting of the
meshing instructions.
8.2.4 Numerical set-up
For comparison purpose, all geometries are computed for the same ﬂow regime, with the
same Reynolds number (Re = UbD/ν = 76800). Bulk velocity Ub and bulk temperature Tb
are set constant and similar in all cases, ensuring similar viscosity. Finally, a uniform and
constant heat ﬂux is imposed at the walls. In order to compare all geometries, they receive
the same amount of heat per meter in the axial direction, i.e., the imposed wall heat ﬂux is
scaled by the wall inner surface. This amount of heat Φ is set equal to 9576 W/m, which
corresponds to a wall heat ﬂux of 80, 000 W/m2 in a smooth tube of diameter D. The op-
erating conditions and the ﬂuid properties are representative of thermal cracking processes.
They are summarized in Tab. 8.2.2.
Similarly to the methodology developed for the heated ribbed tube simulation presented
in Chapter 5, artiﬁcial source terms Sqdm and Se are added to the Navier-Stokes equations.
The equations solved in each geometry are Eq. (5.3.1) to (5.3.3). Note that no mass source
term Sρ is added to the equations, as the simulations are steady and non-reactive.
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Flow Re Ub Tb ν Φ
parameter [-] [m/s] [K] [m2/s] [W/m]
Value 76,800 110 1150 5.46 ×10−5 9,576
Table 8.2.2: Operating conditions common to all simulations.
Each simulation is ﬁrst run for approximately 50 convective times τc = p/Ub before col-
lecting ﬂow statistics for approximately 100 more convective times τc. The CPU time of one
simulation is about 45, 000 hours on average.
8.2.5 Design of Experiment
In order to perform the ﬁrst simulations of the optimization process, one should ﬁrst deter-
mine the geometrical parameters associated to each simulation. The objective of this ﬁrst set
of simulations is to provide initial information about the underlying cost function, and allow
the generation of a ﬁrst surrogate model. Even if additional simulations are added later,
whose parameters are determined based on the EGO method presented in Section 8.1.3, the
choice of the initial design to simulate is important as from it depends the quality of the
ﬁrst surrogate model. Smart choice of initial DOE can lead to important computational
time saving, as the estimation of the ﬁrst surrogate model might be accurate enough to early
determine the regions of interest. As no information about the underlying cost function are
available, smartly choosing a DOE means smartly ﬁll the space of input parameters.
Several eﬃcient space ﬁlling techniques are based on pseudo-random numbers generators.
Pseudo-random generators are mathematical series generating sets of numbers which are able
to pass randomness tests [220]. Although the space ﬁlling resulting from pseudo-random gen-
erators might seems random to the eye, one of their advantage is their reproducibility. In the
present work, the initial DOE is selected based on a Halton sequence [221]. Halton sequences
are deterministic series that produces well-spaced patterns. It is based on particular prime
numbers (i.e. 2, 3, 7, 11, etc...), each axis of the parameter space being evenly divided based
on a diﬀerent prime number.
The initial DOE obtained from a Halton sequence is represented in Figure 8.2.2. For
each point represented in this ﬁgure correspond a heat exchanger design, to be simulated.
Note that the presented initial DOE appears well distributed in the parameter space, with
no empty regions. The case of continuous rib (ND = 0) is treated separately than geome-
tries with discontinuous ribs, due to the diﬀerent number of relevant input parameters which
requires diﬀerent Halton sequences. The space of parameters being wider for discontinuous
ribs, as there is 4 input parameters, more simulations should be performed in this case to
reach the same level of accuracy on the surrogate model. For budget reason, it has been
chosen to generate Halton sequences of size 6 for continuously ribbed geometries and of size
20 for discontinuously ribbed geometries, which means 6 initial simulations with ND = 0
and 20 initial simulations with ND > 0.
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Figure 8.2.2: Representation of the initial DOE obtained from Halton sequences. Simulated
sets of input parameters are indicated by the symbol •.
8.3 Optimal continuously ribbed design
In this section are presented the results of the optimization process, performed for continuous
rib only (ND = 0). Heat exchanger designs with continuous ribs are treated separately than
discontinuous ribs, as the diﬀerent number of uncertain parameters encourage the construc-
tion of two diﬀerent surrogate models.
8.3.1 Response surface
When considering a continuous rib, i.e., ND = 0, the emptiness ratio parameter Er be-
comes irrelevant and the problem reduces to an optimization of two input parameters: e
and p. The response surface constructed with the Gaussian process method is shown on
Fig. 8.3.1. Only 8 simulations, indicated by symbols • on Fig. 8.3.1, were necessary. Indeed,
the evolution of the cost function with e and p does not show complex structures which would
require additional simulations. Note that few simulations are performed for a continuous rib,
geometries with a discontinuous rib being more promising for the cost function optimization.
Two optimum regions for the maximization of the objective function appears on the re-
sponse surface. A ﬁrst optimum is found for high e and low p, while a second optimal is
found for high e and high p. Based on this observation, it appears that low e always lead
to a poor eﬃciency of the heat exchanger and high e (e > 2.0 mm) should be favored. Note
however that the objective function is always evaluated greater than 1.0, assessing better
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Figure 8.3.1: Response surface for a continuous rib.
thermal eﬃciencies than a simple smooth heat exchanger. The worst simulated geometry is
for e = 1.14 mm and p = 129 mm, with a cost function Fcost = 1.143, the surrogate model
predicting the poorest eﬃciency in the neighborhood of this geometry.
In the low-pitch optimal region, it appears that the inﬂuence of the rib height is of little
importance, the cost function remaining quite constant in this zone. Indeed, the combinai-
son of small pitch and high height leads to very important pressure loss, which balances the
advantage of higher heat transfer eﬃciency. In this region, the optimum predicted shape for
the artiﬁcial roughness in that case is e = 4.01 mm and p = 54.6 mm, with Fcost = 1.339,
but lowering e while keeping p < 60 mm provides almost similar results for the cost function.
The high-pitch optimal region seems even more promising than the previous optimal re-
gion, the simulation performed in this zone leading to the sample point with maximum cost
function. The optimal predicted value of the objective function is found to be Fcost = 1.374
for e = 3.16 mm and p = 150 mm. Few observations are done in this zone due to the limited
computational cost allocated to the optimization process and more promising reactor design
with discontinuous ribs, but adding new simulations in this zone would be of great interest
for the optimization of continuously ribbed heat exchangers.
8.3.2 Uncertainty quantification
Sensitivity analysis aims at ﬁnding which random variable of the input parameter space are
important toward a quantity of interest. Standard way is to use variance based method
which allows not only to know which variables are important but also to rank them [222].
Sobol’ [223] method is used in this work to identify the relative importance of the input
parameters, with the sole required hypothesis of the independence of those variables. It uses
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a functional decomposition of the variance of the function:
V(M) =
ndim∑
i
Vi(M) +
ndim∑
i<j
Vij + ...+ V1,2,...,ndim , (8.3.1)
Vi(M) = V[E(M|xi)],
Vij(M) = V[E(M|xixj)]− Vi − Vj,
with ndim the number of input parameters constituting x, E the mean function, V the
variance function and M being the surrogate model. This way Sobol’ indices are expressed
as:
Si =
V[E(M|xi)]
V[M]
Sij =
V[E(M|xixj)]− Vi − Vj
V[M]
. (8.3.2)
Si corresponds to the ﬁrst order term which apprises the contribution of the i-th parameter
to the total variance of the model M, while Sij corresponds to the second order term which
informs about the correlations between the i-th and the j-th parameters. These equations
generalize to compute higher orders. However, the computational eﬀort to converge them is
high and most importantly, their analysis and interpretations are not simple.
Total indices represents the global contribution of the parameters on the QoI’s variance
and write as
STi = Si +
∑
j
Sij +
∑
j,k
Sijk + ... = 1− V[E(M|x∼i)]
V[M]
. (8.3.3)
In this work, the Sobol’ indices are estimated using Martinez formulation which provides
asymptotic conﬁdence intervals [224].
Figure 8.3.2 shows the ﬁrst order and the total Sobol’ indices for the two input param-
eters p and e. Both input parameters have an important impact on the response surface,
e impacting slightly more as Sp = 0.322 and Se = 0.444. The two parameters are however
correlated since the Sobol’ total order indices are found signiﬁcantly higher than the Sobol’
ﬁrst order indices (STp = 0.538 and STe = 0.632). Those remarks are consistent with the
conclusions drawn from the response surface.
8.4 Optimal discontinuously ribbed design
As previously stated, a second optimization process is performed. Discontinuities are intro-
duced in the rib, leading to a total of 4 geometrical parameters to optimize. The results of
the discontinuous rib optimization are presented in this section.
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Figure 8.3.2: First order and total Sobol’ indices for continuous rib optimization.
8.4.1 Response surface
Due to the increasing dimension of the optimization problem, the representation of the
surrogate model becomes diﬃcult when the number of input parameters is higher than 2.
Although several visualization methods are available in BATMAN for high dimensions [225],
representing surrogate models in 3 and 4 dimensions is often more convenient with movies.
In the present manuscript, the surrogate model for the optimization with 4 parameters is
represented based on several two-dimensional response surfaces.
Figure 8.4.1 shows examples of response surfaces predicted for ribs with one discontinuity
per rib pitch and for diﬀerent values of Er. Thanks to the surrogate model, the total number
of simulations performed to cover the parameter space of discontinuous ribs is only 34, to be
compared with 25× 25× 25× 25× 5 = 78125 that would be required without the surrogate
model for the same discretization of the parameter space. The initial design of experiment
consisted of 20 simulations and 14 simulations were added thanks to the EGO method.
Results show similarities between the continuous rib response surface given in Fig. 8.3.1
and response surfaces obtained with one small discontinuity (ND = 1 and Er < 0.5). In both
cases maximum values for the cost function are found for large e, while the minimum values
are encountered for small e and large p. It should be noted however that for discontinuous ribs
with Er < 0.5, the region of main interest is found to be the high e and small p region, large
p reducing the thermal eﬃciency of the heat exchanger. In this case, maximum predicted
value is found to be Fcost = 1.383 for Er = 0.41, e = 3.93 mm and p = 48.0 mm. Those sim-
ilarities show only small eﬀect of the rib discontinuity, as long as it remains small (Er < 0.5).
On the other hand, a very diﬀerent response surface is observed for larger discontinuities
(Er > 0.6). Intermediate values 0.5 < Er < 0.6 constitute a transition zone between the
two behaviors. When the discontinuity becomes larger than the rib itself, the optimum p
value suddenly shifts from 50 mm to about 115 mm. This however has little inﬂuence on
the optimum rib height, which remains around 4.0 mm. When associated with large Er, p
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Figure 8.4.1: Example of response surfaces for a rib with 1 discontinuity per pitch (ND = 1).
Er = 0.2 (left), Er = 0.5 (center), Er = 0.8 (right).
only modiﬁes the cost function in the e > 2.0 region.
Response surfaces obtained for ND increasing from 1 to 5 are illustrated on Fig. 8.4.2. For
all investigated numbers of discontinuities, the response of the system to the input parame-
ters is very similar and the observations made for ND = 1 still hold. In particular, the sudden
transition in optimum roughness shape is always observed in the range 0.5 < Er < 0.6. The
main inﬂuence of the number of discontinuities is a slight increase of Fcost in the large Er
region when increasing ND, which tends to favorhigher number of discontinuities. This is ex-
plained by the lower pressure drop while increasing heat transfer enhancements. For ND > 1,
the global optimum design that maximizes the cost function clearly appears in the large e,
large Er region and for moderate values of p. Based on these results, the best predicted
geometry is shown on Fig. 8.4.3, and has the following geometrical parameters: e = 3.14
mm, p = 105 mm, Er = 0.75 and ND = 5. The corresponding value for the cost function is
Fcost = 1.583. The dynamic and thermal behavior of the ﬂow in this optimum geometry is
described in more details in the next section.
8.4.2 Uncertainty quantification
Figure 8.4.4 represents the ﬁrst and total order Sobol’ indices for each input parameter. The
rib height e appears to be one of the most inﬂuential parameter, the ﬁrst order Sobol’ index
reaching a value of Se = 0.290. The total Sobol’ index for e is even higher (STe = 0.539),
traducing an inﬂuence that depends on the other parameters, and in particular on Er. This
is consistent with the observed response surfaces, high e being always more favorable, espe-
cially when associated with high values of Er. Input parameters p and Er have a small ﬁrst
order Sobol’ indice (Sp = 0.006 and SEr = 0.070), but their total order indices are much
higher (STp = 0.395 and STEr = 0.620), meaning non-negligible but complex inﬂuence on
Fcost. Indeed, the inﬂuence of p appears to be coupled to both e and Er, as small e and
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Figure 8.4.2: Example of response surfaces for various ND and Er.
large Er always lead to a small impact of p on the cost function, due to geometries close
to a smooth tube. On the contrary, large values of e lead to a great impact on the ﬂow,
much sensitive to the disposition of the roughness elements, i.e., to p. Finally, ND is the
least inﬂuential parameter on the cost function. In particular, SND = 0.023, which is quite
small. The total Sobol’ index is however not completely negligible (STND = 0.138), assessing
a small impact of ND on the cost function.
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(a)
(b)
Figure 8.4.3: Optimal predicted ribbed tube geometry for heat exchanger applications. Three
pitches are represented. (a): cut in the X˙normal plane showing the inner surface. (b): view
of the wall surface from outside the tube.
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Figure 8.4.4: First order and total order Sobol’ indices for discontinuous rib optimization.
8.5 Analysis of the optimum discontinuously ribbed
heat exchanger
Due to the presence of the discontinuous rib, the average ﬂow parameters are functions of
both radial and axial coordinates. The radial coordinate is normalized by the pipe radius R,
ranging from r/R = r+ = 0 at the pipe centre to r+ = 1 at the pipe wall. The axial distance
X is normalized by the rib height, X/e = X+ = 0 being the position of the downstream
rib foot at the left periodic plane. Moreover, because of the rib discontinuities, proﬁles are
shown in two diﬀerent longitudinal planes: the plane cutting the rib by its centre, called
plane 1 , and the plane at the middle of two ribs called plane 2 , as represented on Fig. 8.5.1.
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1
Figure 8.5.1: Representation of the two planes of interest. Plane 1© is the longitudinal plane
cutting the center of the rib and plane 2© is the longitudinal plane at the middle of two ribs.
8.5.1 Mean velocity
The mean axial velocity proﬁles normalized by the bulk velocity in plane 1 are represented
in Fig. 8.5.2 (top) for positions X+ = −1 (rib top), 2.5, 7.5, 12.5, 17.5, 22.5 and 27.5. The
mean axial velocity is strongly decelerated in the rib wake. The ﬂow however fully establishes
few rib heights farther downstream and all axial velocity proﬁles are found almost similar
from X+ = 7.5 to X+ = 27.5. Because of the rib shape, the recirculation zone is very small
and does not appears in Fig. 8.5.2, the ﬁrst represented proﬁle downstream the rib being
at position X+ = 2.5, i.e., outside the recirculation zone. The recirculation zone actually
exhibits a very characteristic ’S’ shape due to the rectangular shape of the rib element, in-
cluding two planes normal to the surface and slantwise to the ﬂow direction inducing a ﬂow
detachment, as represented on Fig. 8.5.3. Mean axial velocity in plane 2 are also displayed
on Fig. 8.5.2 (bottom). In the path between two ribs, the axial velocity proﬁles are similar
at all positions, allowing to conclude that the discontinuous rib has no impact on the ﬂow
in these zones of the heat exchanger.
The mean radial velocity is investigated in Fig. 8.5.4 in both planes 1 and 2 . It
remains very small in plane 2 , assessing the low impact of the roughness in this plane.
However, a strong negative radial velocity is found in the rib wake, reaching up to 0.10×Ub,
the mean ﬂow reattaching the wall downstream the recirculation zone. The radial velocity
is slightly positive upstream the rib.
The mean azimuthal velocity proﬁles are displayed on Fig. 8.5.5. Similarly to the radial
ﬂow motion, the main azimuthal motion is located in the rib wake. Note that at this loca-
tion, mean azimuthal velocity is negative, meaning swirling motion in the opposite direction
than the rib helix. This is due to the shape of the rib, and in particular to the ﬂow impacting
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Figure 8.5.2: Mean axial normalized velocity proﬁles at various axial locations, both in plane
1© (top) and in plane 2© (bottom). Dashed line indicates a rib behind the considered plane.
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Figure 8.5.3: Representation of the mean recirculation zone downstream the rib viewed from
above the rib. The iso-surface of null axial velocity is used as the limits of the recirculation,
and is colored by the thickness of the recirculation zone.
the rib walls oriented perpendicularly to the helix direction. Upstream the rib, a positive
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Figure 8.5.4: Mean radial normalized velocity proﬁles at various axial locations, both in
plane 1© (top) and in plane 2© (bottom). Dashed lines indicates a rib behind the considered
plane.
mean azimuthal velocity is found in the near wall region, also due to the rib shape orienting
the ﬂow. In the rest of the domain, azimuthal motion remains very low, the large space
between the ribs preventing the development of a global swirling motion. Indeed, it was
observed that the swirling motion disappears for Er > 0.6, the rib length shorter than the
rib width leading to a diﬀerent orientation of the ﬂow. This also explains the sudden change
in the shape of the cost function when dealing with larger Er, the swirling motion being
detrimental to heat transfer eﬃciency.
To better visualize the ﬂow, Fig. 8.5.6 shows streamlines around the rib. The ﬂow im-
pacting the rib either goes on top or bypass the roughness by both sides, explaining the
azimuthal velocity proﬁles.
8.5.2 Velocity fluctuations
Similarly to mean velocity proﬁles, velocity ﬂuctuations are presented. Mean axial velocity
ﬂuctuations are shown on Fig. 8.5.7. In plane 1 , the roughness greatly impacts the ﬂow
and axial ﬂuctuations are found maximum on top of the rib. In plane 2 however, RMS ve-
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Figure 8.5.5: Mean azimuthal normalized velocity proﬁles at various axial locations, both in
plane 1© (top) and in plane 2© (bottom). Dashed line indicates a rib behind the considered
plane.
Figure 8.5.6: Flow streamlines impacting the rib, colored by velocity magnitude.
locity ﬂuctuations are observed almost similar at every locations, again due to the absence of
roughness and azimuthal motion in this plane. Axial velocity ﬂuctuations are found slightly
more important in the rib wake (X+ = 2.5 and r+ ≈ 0.9), which is the only noticeable
impact of the recirculation zone. All other proﬁles are similar to RMS axial velocity in a
smooth tube, with a peak of velocity ﬂuctuations in the near wall region, reaching up to
0.4× Ub.
Radial and Azimuthal RMS velocity proﬁles are ﬁnally displayed on Fig. 8.5.8. For all
those proﬁles the same conclusions apply. Few impact of the recirculation zone is observed
in plane 2 , due to the absence of azimuthal motion. In this plane the RMS ﬂuctuations
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Figure 8.5.7: Mean axial normalized velocity ﬂuctuations at various axial locations, both in
plane 1© (top) and in plane 2© (bottom). Dashed line indicates a rib behind the considered
plane.
are similar to the ﬂuctuations in a smooth tube, and the peak in radial and azimuthal RMS
are of comparable magnitude, i.e. about 0.08 × Ub. In plane 1 , the rib roughness greatly
impacts the ﬂuctuations in the rib wake. In particular, radial and azimuthal RMS are found
maximum on the top of the rib, reaching 0.2×Ub, and above the recirculation zone. Although
the peak of velocity ﬂuctuations is found at a similar wall distance for every axial location
between two ribs, the peak magnitude is maximum at X+ = 2.5, and progressively decreases
downstream. The azimuthal velocity ﬂuctuations are found slightly more important than
radial velocity ﬂuctuations.
8.5.3 Pressure loss
Like for the ribbed design presented in Chapter 5, the pressure loss is due to both the friction
drag and the pressure drag. The relative contributions of the pressure drag and the friction
drag in the optimum geometry are given in Tab. 8.5.1 based on the integration of the drags
over the surface. It appears that pressure drag is more important than friction drag, due
to the ﬂow impacting the rib and the recirculations. Pressure drag is responsible for 63%
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Figure 8.5.8: Mean radial (left) and azimuthal (right) normalized velocity ﬂuctuations at
various axial locations, both in plane 1© (top) and in plane 2© (bottom). Dashed line
indicates a rib behind the considered plane.
of the total pressure loss in the optimum geometry. Conversely, the friction drag is lower
than in a smooth tube, because of the recirculation zone reducing the axial velocity in the
near-wall region. Table 8.5.2 compares the total pressure loss in the ribbed tube and in a
smooth tube of the same diameter obtained with the Petukhov correlation [77] (Eq. (2.3.9)).
Pressure losses are found more than 2 times larger in the ribbed tube.
8.6 Heat transfer inside the optimal tube
8.6.1 Temperature profiles
Wall temperature on the coil inner surface is represented on Fig. 8.6.1. It strongly decreases
in the recirculation zone and downstream the rib, because of the important radial mixing
and the azimuthal motion at this location. This induces large cool zones in the wake of the
ribs. The skin temperature is also low on the rib surface, due to the ﬂow acceleration on the
rib top inducing important convective heat transfer. On the contrary, because of no swirling
motion in the near wall region, the skin temperature is more important between the ribs.
Quantitative results are given on Fig. 8.6.2, showing skin temperature in both planes 1
and 2 . In plane 2 , the skin temperature remains approximately constant at 1230 K, as
velocity proﬁles are similar at all axial locations, and no azimuthal mixing occurs. In plane
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Friction Pressure Total
Case drag drag drag
(×10−3) (×10−3) (×10−3)
Optimal 3.57 6.06 9.63
geometry (78.3 %) (133 %) (211 %)
Smooth 4.56 0 4.56
tube (Eq. (2.3.9)) (100 %) (0 %) (100 %)
Table 8.5.1: Integrated drag contributions normalized by (0.5 ρb U2b ) for the optimal geometry
and a smooth tube with the same diameter. Percentages represent the contribution relative
to the total drag in a smooth tube according to Eq. (2.3.9).
Case ∆P [Pa/m]
Optimal geometry 6210
Smooth tube (Eq. (2.3.9)) 2308
Table 8.5.2: Global pressure loss for in the optimal heat exchanger geometry and in a smooth
tube according to Eq. (2.3.9).
1 , the skin temperature is slightly lower on the rib surface, reaching approximately 1210 K,
and decreases to 1203 K in the wake of the rib. It progressively increases downstream until
reaching the maximum skin temperature of 1232 K at location X+ = 25.
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Figure 8.6.1: Mean skin temperature in the optimal geometry.
8.6.2 Nusselt number
The global Nusselt number is found equal to 389 in the optimum heat exchanger. In a smooth
tube, the Nusselt number evaluated from the Dittus-Boelter correlation [82] (Eq. (2.3.13)) is
found equal to 189 for the same operating conditions. This represents an increase of +105%
due to both the extended inner tube surface (+2.1%) and to better mixing, leading to an
important reduction of the wall temperature. The axial proﬁle of the local Nusselt number
is displayed on Fig. 8.6.3. In plane 2 , the local Nusselt number is approximately constant,
202
CHAPTER 8. HEAT EXCHANGER OPTIMIZATION
 1200
 1210
 1220
 1230
 1240
 1250
 0  5  10  15  20  25  30
W
a
ll
 t
e
m
p
e
ra
tu
re
 [
K
]
X+
 1200
 1210
 1220
 1230
 1240
 1250
 0  5  10  15  20  25  30
W
a
ll
 t
e
m
p
e
ra
tu
re
 [
K
]
X+
Figure 8.6.2: Proﬁles of mean skin temperature in plane 1© (top) and in plane 2© (bottom).
Dashed line indicates a rib behind the considered plane.
which is a consequence of the constant skin temperature. Despite the absence of a rib and
swirling motion in this plane, the heat transfer eﬃciency remains much higher than a smooth
tube, probably due to the cool ﬂow from plane 1 impacting the rib and directed toward
plane 2 from both sides, and to the small radial mixing. In plane 1 however, the Nusselt
number is much higher on the rib surface and in the recirculation zone, reaching a value of
563. This is due to the ﬂow acceleration on the rib top and to the complex recirculation
zone enhancing turbulence in the rib wake.
In the light of those results, reducing the swirl motion in the near wall region of the heat
exchanger thanks to large discontinuities seems to increase heat transfer eﬃciency thanks to
an acceleration of the ﬂow on the rib top generating important turbulence intensity in the
wake of the rib elements, important radial mixing and an appropriate bending of the ﬂow
streamlines in the rib vicinity.
8.7 Extension to dimpled heat exchangers
The optimized geometry of the previous section considers rib elements with sharp edges.
In real systems however, it is common to use smooth, rounded rib edges. Such systems
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Figure 8.6.3: Proﬁles of mean local Nusselt number in plane 1© (top) and in plane 2©
(bottom). Dashed line indicates a rib behind the considered plane.
are called dimpled tubes. In order to evaluate the impact of the rib edge shape, additional
simulations of the optimum geometry with smooth rib edges are performed.
8.7.1 From discontinuous rib to dimpled roughness
Because there is no exact equivalence between geometries with sharp and smooth edges,
two geometries are simulated: either with the maximum (Long Smooth Rib (LSR)) or with
the minimum rib length (Small Smooth Rib (or SSR)) equal to the original rib length, as
represented on Fig. 8.7.1.
8.7.2 Mean velocity
Mean axial velocity proﬁles for the three geometries are presented on Fig. 8.7.2. It can be
seen that in plane 1 , all axial velocity proﬁles are similar except just downstream the rib,
at location X+ = 2.5. This is due to the diﬀerent shape of the recirculation zones induced
by the diﬀerent rib shapes. Figure 8.7.3 shows the mean recirculation zones downstream
the three diﬀerent ribs. It appears that the recirculation zone is much reduced with smooth
rib edges, and smallest with the LSR shape, where it is limited to the lower part of the rib.
204
CHAPTER 8. HEAT EXCHANGER OPTIMIZATION
ll
ll
0l0
l00
SSROptimal geometry LSR
(l = l0) (l > l0) (l < l00)
Figure 8.7.1: Representation of the optimal discontinuous rib shape and the two studied
rib shapes with smooth transitions. Left: optimal discontinuous rib shape. Middle: Small
Smooth Rib (SSR) shape. Right: Long Smooth Rib (LSR) shape. Distance l is equal to the
rib length in the optimal discontinuous rib case.
As a consequence, the mean axial velocity is highest in the near wall region with the LSR
shape and lowest with the original rib, as shown on Fig. 8.7.2. In plane 2 , the mean axial
velocity proﬁles slightly diﬀer only with the LSR shape in the near wall region, being slightly
lower in the near wall region between two ribs (X+ = −2.5) and downstream the rib, up to
X+ ≈ 5, and slightly higher from this position to X+ ≈ 22.5.
The mean radial and azimuthal velocity proﬁles are shown on Fig. 8.7.4 and 8.7.5 respec-
tively. Both in planes 1 and 2 , azimuthal velocity proﬁles are very similar between the
original rib and the SSR shape, with an almost zero azimuthal velocity everywhere except
in the rib vicinity (slightly positive upstream the rib and negative downstream the rib).
The only diﬀerence lies just downstream the rib, where azimuthal motion is more important
with the original rib shape, which, acting as a larger obstacle, orients more abruptly the
ﬂow. The larger LSR shape however induces a strong mean azimuthal ﬂow in the near wall
region, which is strong enough to be seen in plane 2 , especially in the rib vicinity. This
also impacts the radial motion found more intense with the LSR shape: the ﬂow is driven
toward the wall at position X+ = −2.5, i.e., between the ribs, and toward the tube centre
from position X+ = 12.5 to X+ = 17.5. In plane 1 , the radial motion goes in the opposite
direction, with a strong radial motion toward the pipe centre on top of the rib and just
downstream the rib.
Figure 8.7.6 shows streamlines of the mean ﬂow around the rib for the three considered
rib shapes. The diﬀerence in ﬂow motion appears very clearly, in particular the more im-
portant swirling motion and the recirculation zone found with the LSR shape.
8.7.3 Velocity fluctuations
Axial RMS velocity ﬂuctuations are compared for the optimal, the SSR and the LSR designs
on Fig. 8.7.7. All proﬁles are found similar for all three geometries, expect in the near wall
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Figure 8.7.2: Mean axial normalized velocity proﬁles in the three studied geometries at
various axial locations, in plane 1© (top) and in plane 2© (bottom). Dashed line indicates a
rib behind the considered plane.
region. Diﬀerent turbulent intensities are observed in the recirculation zone. Due to the
shape of the recirculation zone, the velocity ﬂuctuations are found more important in the
original heat exchanger design. In plane 1 , axial velocity ﬂuctuations are lower in the LSR
design, because of the very small recirculation zone. In plane 2 however, the recirculation
zone of the LSR design is the only one that really impacts the proﬁles, leading to more
important ﬂuctuations at position X+ = −2.5.
Radial RMS velocity ﬂuctuations are displayed on Fig. 8.7.8, along with the azimuthal
velocity ﬂuctuations. Here again, although the velocity ﬂuctuations are similar for all investi-
gated geometries in the major part of the tubes, several diﬀerences can be noticed. First, the
radial velocity ﬂuctuations are much more important in plane 1 with the original design,
both in the rib top and in the rib wake. This is due to the recirculation zone, enhancing
radial turbulent mixing. In this plane, radial ﬂuctuations remain more important in the
original design until X+ = 12.5. Radial ﬂuctuations induced by the SSR geometry remains
slightly lower than the ﬂuctuations induced by the two other designs in all the domain.
In plane 2 , radial ﬂuctuations are found slightly higher with the original geometry from
X+ = 12.5 to the next rib location. As only the LSR geometry has a swirl motion strong
enough to impact plane 2 with its recirculation zone, radial ﬂuctuations are higher with
206
CHAPTER 8. HEAT EXCHANGER OPTIMIZATION
Rib
<latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit>
Rib
<latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit>
Rib
<latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit><latexit sha1_base64="dkV3/5Vdzj+FCir1LnL+Vrb+zmA="></latexit>
Flow direction
<latexit sha1_base64="AiUwT1d5yZ6gBR4BJXeLhsNpjL8="></latexit><latexit sha1_base64="AiUwT1d5yZ6gBR4BJXeLhsNpjL8="></latexit><latexit sha1_base64="AiUwT1d5yZ6gBR4BJXeLhsNpjL8="></latexit><latexit sha1_base64="AiUwT1d5yZ6gBR4BJXeLhsNpjL8="></latexit>
0.0
<latexit sha1_base64="Yj5bfMBuB4vwskCJkscuxSiO4uI="></latexit><latexit sha1_base64="Yj5bfMBuB4vwskCJkscuxSiO4uI="></latexit><latexit sha1_base64="Yj5bfMBuB4vwskCJkscuxSiO4uI="></latexit><latexit sha1_base64="Yj5bfMBuB4vwskCJkscuxSiO4uI="></latexit>
1.0
<latexit sha1_base64="NQxa1f3m3n+MXj5YPMVVNHEUowI="></latexit><latexit sha1_base64="NQxa1f3m3n+MXj5YPMVVNHEUowI="></latexit><latexit sha1_base64="NQxa1f3m3n+MXj5YPMVVNHEUowI="></latexit><latexit sha1_base64="NQxa1f3m3n+MXj5YPMVVNHEUowI="></latexit>
2.0
<latexit sha1_base64="I2grdrLWZL4ZrbEmdNwAjxo6SQ8="></latexit><latexit sha1_base64="I2grdrLWZL4ZrbEmdNwAjxo6SQ8="></latexit><latexit sha1_base64="I2grdrLWZL4ZrbEmdNwAjxo6SQ8="></latexit><latexit sha1_base64="I2grdrLWZL4ZrbEmdNwAjxo6SQ8="></latexit>
3.0
<latexit sha1_base64="Pbc0jITYXxkHSww8IZfhb/q9BV8="></latexit><latexit sha1_base64="Pbc0jITYXxkHSww8IZfhb/q9BV8="></latexit><latexit sha1_base64="Pbc0jITYXxkHSww8IZfhb/q9BV8="></latexit><latexit sha1_base64="Pbc0jITYXxkHSww8IZfhb/q9BV8="></latexit>
Thickness [mm]
<latexit sha1_base64="FA22gHGM0XhEwcFOdJgz39gwtgI="></latexit><latexit sha1_base64="FA22gHGM0XhEwcFOdJgz39gwtgI="></latexit><latexit sha1_base64="FA22gHGM0XhEwcFOdJgz39gwtgI="></latexit><latexit sha1_base64="FA22gHGM0XhEwcFOdJgz39gwtgI="></latexit>
Figure 8.7.3: Representation of the mean recirculation zone downstream the ribs, viewed
from above the rib. The iso-surface of null axial velocity is used as the limits of the recircu-
lation, and is coloured by the thickness of the recirculation zone. Left: optimal discontinuous
rib shape. Middle: Small Smooth Rib (SSR) shape. Right: Long Smooth Rib (LSR) shape.
this geometry, both at locations X+ = −2.5 and X+ = 2.5. Very similar observations, both
in plane 1 and 2 , can be made for azimuthal velocity ﬂuctuations.
8.7.4 Pressure loss
The contribution of pressure and friction to the total drag for both SSR and LSR cases are
summarized in Tab. 8.7.1. All ribbed geometries induce similar friction drag, which is re-
duced by about 25% in comparison with a smooth tube (Eq. (2.3.9)). This is due to similar
axial velocity proﬁles encountered in all geometries, leading to similar axial components of
wall shear stress. Conversely, the integrated value of the pressure drag is very sensitive to
the shape and diﬀers from one geometry to another. Sharp rib edges lead to higher pressure
drag, as the ﬂow impacts directly the rib faces, inducing important local pressure gradients.
Smoother rib edges reduce signiﬁcantly the pressure drag, in particular when minimizing
the rib surface. With the SSR shape, the pressure drag reduces to less than half the friction
drag encountered in a smooth tube (46.1%), and total drag is only slightly higher than in a
smooth tube. LSR shape leads to slightly lower total drag than the original sharp edges rib.
All these informations also hold for the total pressure losses summarized in Tab. 8.7.2.
Based on these results, smoothing the edges of a discontinuous ribbed tube appears
as an eﬃcient way to decrease the pressure loss in the heat exchanger. Smoothened edges
however modiﬁes the ﬂow dynamics, and its impact on heat transfer needs to be investigated.
207
8.7. EXTENSION TO DIMPLED HEAT EXCHANGERS
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  5  10  15  20  25  30
0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0
r+
X+
ur / ub [-]
LSR shape
SSR shape
Original shape
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  5  10  15  20  25  30
0 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0
r+
X+
ur / ub [-]
LSR shape
SSR shape
Original shape
Figure 8.7.4: Mean radial normalized velocity proﬁles in the three studied geometries at
various axial locations, in plane 1© (top) and in plane 2© (bottom). Dashed line indicates a
rib behind the considered plane.
8.7.5 Heat transfer
Figure 8.7.9 shows the mean wall temperature on the SSR, LSR and the original rib. The
temperature distribution is very similar between the original rib and the SSR. In both cases,
lower wall temperatures are encountered on the rib top and downstream the rib. Note that
due to the smaller recirculation zone in the SSR geometry, the low temperature region down-
stream the rib is also slightly smaller. In the absence of swirling motion, the ﬂow is slightly
hotter in planes between the ribs. With the LSR shape, the swirling motion shifts the coolest
zone downstream the rib in the azimuthal direction, following a helix pattern. Due to the
larger rib size, the ﬂow tends to detach from the wall, leading to globally lower heat transfer
eﬃciency.
Mean wall temperature proﬁles in planes 1 and 2 are shown on Fig. 8.7.10. In plane
1 , the mean wall temperature is found quite similar between the SSR shape and the orig-
inal rib shape, whereas with the LSR shape the wall temperature is much higher between
the ribs, reaching a maximum value of 1259 K. This is consistent with the observations on
Fig. 8.7.9 and is due to the local ﬂow detachment around the rib. The mean wall tempera-
ture is however found similar for all geometries in the vicinity of the rib. In plane 2 , both
the SSR and the original rib shapes lead to quasi-constant wall temperature, slightly higher
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Figure 8.7.5: Mean azimuthal normalized velocity proﬁles in the three studied geometries at
various axial locations, in plane 1© (top) and in plane 2© (bottom). Dashed line indicates a
rib behind the considered plane.
Figure 8.7.6: Flow streamlines impacting the rib, colored by velocity magnitude. Top:
optimal discontinuous rib shape. Centre: Small Smooth Rib (SSR) shape. Bottom: Long
Smooth Rib (LSR) shape.
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Figure 8.7.7: Mean axial normalized velocity ﬂuctuations in the three studied geometries at
various axial locations, in plane 1© (top) and in plane 2© (bottom). Dashed line indicates a
rib behind the considered plane.
with the SSR shape. The LSR shape induces a quite diﬀerent temperature proﬁle: swirling
motion induces an azimuthal averaging of the ﬂow, and the wall temperature progressively
increases from X+ = 10 to the next rib position (X+ = 28), reaching a value close to the
maximum found in plane 1 and equal to 1262K.
Finally, proﬁles of the local Nusselt number representative of the heat transfer eﬃciency
at the wall are displayed in Fig. 8.7.11, both in plane 1 and 2 . In plane 1 , the heat
transfer eﬃciency is similar with the SSR shape and with the original optimum rib shape,
resulting in a similar Nusselt number everywhere except immediately downstream the rib
and on top of the rib. With the SSR shape, the maximum Nusselt number is found equal to
527 on the rib top. It then progressively decreases, down to the value of the original rib. As
previously stated, the heat transfer is lower with the LSR shape, resulting in a lower Nusselt
number, except on the top of the rib and in the recirculation zone. In plane 2 , the local
Nusselt number is found quasi-constant with the SSR shape because of the quasi-constant
wall temperature and is slightly lower than with the original rib shape by about 20. The LSR
shape leads to a lower Nusselt number from X+ = 15 to the rib top position consistently
with what is observed in plane 1 , due to the azimuthal mixing. Integrating the local Nus-
selt number over the wall surface leads to global Nusselt numbers equal to 354 with the SSR
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Figure 8.7.8: Mean radial (left) and azimuthal (right) normalized velocity ﬂuctuations in
the three studied geometries at various axial locations, in plane 1© (top) and in plane 2©
(bottom). Dashed line indicates a rib behind the considered plane.
shape, and 332 with the LSR shape. This result assesses a less eﬃcient global heat transfer
when using smooth edge ribs when compared to sharp edge ribs of similar size. This is due
to the ﬂow being more smoothly directed around the rib, resulting in smaller recirculation
zones and lower radial mixing, and a hotter ﬂow downstream the rib. Moreover, it appears
that the swirling motion induced by a rib shape such as the LSR shape is detrimental to
the heat transfer eﬃciency, due to the more important azimuthal blockage ratio leading to
a hotter ﬂow in the near wall region, in particular upstream the rib. Thanks to important
recirculation zones and to the ﬂow bypassing almost symmetrically the rib, inducing no
swirling motion, the original sharp edge shape gives the best heat transfer eﬃciency.
It should be noted however that much lower pressure loss is obtained with the smooth
edge ribs, leading to higher cost functions. In particular, the SSR shape gives Fcost = 1.628,
i.e., slightly higher than the sharp edge rib (Fcost = 1.583). The LSR geometry is less promis-
ing (Fcost = 1.397), mostly because of the poor heat transfer eﬃciency. The SSR shape may
therefore be preferred to the sharp edge rib if pressure loss is critical.
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Rib Friction Pressure Total
shape drag drag drag
(×10−3) (×10−3) (×10−3)
SSR 3.36 2.10 5.46
(73.8 %) (46.1 %) (120 %)
LSR 3.54 4.71 8.25
(77.5 %) (103 %) (181 %)
Table 8.7.1: Integrated drag contributions normalized by (0.5 ρb U2b ) for the both the SSR
and LSR heat exchanger geometries. Percentages represent the contribution relative to the
total drag in a smooth tube according to Eq. (2.3.9).
Case ∆P [Pa/m]
Optimal discontinuous rib 6210
SSR 4810
LSR 5720
Smooth tube (Eq. (2.3.9)) 2308
Table 8.7.2: Global pressure loss for the three considered rib shapes and for the smooth tube
correlation (Eq. (2.3.9)).
8.8 Conclusion
In this chapter, a methodology for the simulation and the optimization of turbulent ﬂows in
heat exchangers has been proposed. It relies on series of wall resolved LES using periodic
domains, as already used and validated in Chapter 5. Four geometrical parameters are con-
sidered uncertain, leading to a wide variety of continuous and discontinuous single-started
internal roughness geometries. The objective function to optimize aims at maximizing the
heat transfer eﬃciency while limiting the pressure loss. Gaussian Process are used to con-
struct a surrogate model representative of this objective function.
The optimization process leads to a heat exchanger geometry which increases the wall
heat transfer eﬃciency by a factor 2.1, while increasing the pressure loss only by a factor 2.7
for the considered operating conditions, thanks to a roughness with low azimuthal blockage
ratio. The introduction of large discontinuities in the roughness shape is responsible for the
important increase of heat transfer, thanks to the disappearing of the swirling motion and
the axial acceleration of the ﬂow in the rib vicinity while preserving important radial mixing
of the ﬂow. A small modiﬁcation of the optimized rib shape changing the discontinuously
ribbed tube to a dimpled tube with smoother wall roughness is found to signiﬁcantly de-
crease the pressure loss in the tube, but also reduces the heat transfer eﬃciency in the rib
wake, leading to a similar interest for heat exchanger applications.
The investigation of the optimal roughness shape for heat exchanger could be extended
considering more geometrical parameters to optimize, such as the radius of curvature for
dimpled tubes. The swirling motion being detrimental to the heat transfer eﬃciency, trans-
verse roughness elements might also be considered instead of helical roughness, along with
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Figure 8.7.9: Mean skin temperature for all considered geometries.
more complex forms.
The work presented in this chapter leads to innovative geometrical designs for heat ex-
changers. Those heat exchangers may be used for industrial applications requiring important
heat transfer and limited pressure loss, if dealing with comparable operating conditions. In
the case of thermal cracking, the main interest is the chemical selectivity of oleﬁns which is
known to be sensitive to both temperature distribution and pressure loss in the reactor. If
yield improvement can be expected from the present designs, there is however no warranty
that those geometries constitute the best reactor designs, as the inﬂuence of pressure loss
and heat transfer on chemical yield is complex. For this reason, further investigations are
required before a ﬁnal geometry can be selected for cracking applications.
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Figure 8.7.10: Proﬁles of mean skin temperature for all considered geometries, in plane 1©
(top) and in plane 2© (bottom). Dashed line indicates a rib behind the considered plane.
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1© (top) and in plane 2© (bottom). Dashed line indicates a rib behind the considered plane.
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Chapter 9
Reactor optimization for butane
cracking
In this ﬁnal chapter, the reactor design is optimized in order to maximize the oleﬁn
production during butane cracking. The original optimized reactor, obtained from
optimization of a steady heat exchanger in the previous chapter is ﬁrst tested
in reactive, industrial conditions to assess its performances in terms of oleﬁn
production. As oleﬁn production is a complex phenomenon depending on both
pressure and temperature distribution, it is more reliably estimated from reactive
simulations. Three-dimensional reactive simulations using the methodology
presented in Chapter 7 however requires iterative ﬁtting of initial pressure and wall
heat ﬂux and are too expensive in terms of computational cost to be used in an
optimization process. Instead, zero-dimensional homogeneous reactor simulations
driven by the temperature and pressure time evolution obtained from non-reactive
simulations of Chapter 8 are used to optimize the oleﬁn production. An innovative
reactor design is ﬁnally obtained, which maximizes oleﬁn production through
important propene production. The performance of this optimum reactor design
is then conﬁrmed by 3D numerical simulation, showing the interest for future
industrial operation.
The chapter is organized as follows: the optimized reactor obtained in the previous
chapter is ﬁrst simulated in industrial operating conditions. A new optimization
procedure, based on reactive simulations, is presented in the second section. Results
of this ﬁnal optimization procedure are detailed in sections 3 and 4, which deal
with the response surface for a continuously ribbed reactor and a discontinuously
ribbed reactor respectively. Section 5 draws the ﬁrst conclusions about the reactive
optimization procedure, based on the relation between the temperature distribution
inside the reactor and the chemical yield, and a ﬁnal reactor design which aims at
oleﬁn yield maximization through important propene yield is proposed. Finally,
the reactive simulation of the ﬁnal reactor design is performed in section 6, and
conclusions are drawn at the end of the chapter.
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9.1. REACTIVE SIMULATION OF THE OPTIMIZED REACTOR
9.1 Reactive simulation of the optimized reactor
In the previous chapter, an optimum design of heat exchanger has been found, which con-
stitutes a good trade-oﬀ between pressure loss and heat transfer eﬃciency. If this innovative
design is very promising for heat exchanger applications, there is however no warranties that
such a design will improve signiﬁcantly the oleﬁn yield when used for steam cracking appli-
cations, since it has been shown in Chapter 7 that the inﬂuence of improved heat transfer
eﬃciency on oleﬁn production is complex. To assess the eﬃciency of this optimum design
in industrial steam cracking conditions, it is simulated in industrial reactive conditions. In
order to ease the distinction between the reactors, this ﬁrst optimized heat exchanger design
is called ’optimized reactor’ in the current chapter.
9.1.1 Numerical methodology
Operating conditions
In order to simulate the optimized reactor in industrial operating conditions and to facilitate
the comparison with the previous BARE and MERT reactors, it is chosen to perform the
simulation with the same operating conditions as presented in Chapter 7. For this reason,
similar mass ﬂow rate, inlet temperature, feedstock composition and outlet pressure are im-
posed. The heat ﬂux proﬁle applied at the reactor wall is iteratively adapted in order to
reach similar wall temperature evolution than in the already simulated BARE and MERT
reactors. This heat ﬂux and the corresponding wall temperature are presented in Fig. 9.1.1.
Finally, the length of the optimized reactor is adapted in order to reach the same butane
conversion as in the MERT reactor, i.e., 92.99 %.
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Figure 9.1.1: Heat ﬂux imposed at the reactor wall as a function of the simulation time (left)
and the corresponding wall temperature (right).
Coil inlet conditions
The coil inlet temperature is imposed uniform and equal to 909.15 K. The pressure loss in
the optimized reactor during the process is ﬁrst estimated from the pressure loss measured
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Cell Node Smallest cell
Reactor number number volume [m−3]
BARE 3.14 million 602, 442 1.95× 10−13
MERT 3.68 million 713, 958 7.03× 10−14
Optimized 5.78 million 1.11 million 1.17× 10−14
Table 9.1.1: Mesh characteristics.
in the previous chapter and the coil inlet pressure is set accordingly, leading to a value of
256.0 kPa. A mass ﬂow rate of 235.625 kg.hr−1 is imposed during the entire simulation
which, consistently with the imposed inlet temperature and pressure, leads to an inlet ve-
locity of 48.6 m.s−1.
The initial chemical composition in the reactor is, similarly to the BARE and MERT re-
actors, 69 % n-butane and 31% water steam in mass fraction. Note that the reaction network
and the physical properties of all species are the same as presented in Chapter 7. As water
steam does not react with the considered reaction mechanism, the mixture composition is
given in dry mass fraction in the following.
Computational domain
The optimized reactor geometry being already extensively described in Chapter 8, it is not
reminded here. The mesh used in the present chapter is however diﬀerent, slightly ﬁner at
the wall in order to be consistent with the previous BARE and MERT reactive simulations.
The mesh is fully unstructured and constituted of 5.78 million tetrahedral cells. It is chosen
to reﬁne the grid close to the wall in order to hold a wall distance of y+ ≈ 10 during the
entire simulation. Here again, because of the acceleration of the ﬂuid on the rib top, the cell
size is imposed twice smaller at this location in order to reach the same resolution criterion.
The cell size is then progressively increased toward the center of the reactor. The main
characteristics of the mesh are summarized in Table 9.1.1, and Fig. 9.1.2 shows the mesh
cell distribution.
Figure 9.1.2: Visualization of the mesh used for the optimized reactor simulation in a longi-
tudinal plane (left) and a reactor cross-section (right).
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9.1.2 Comparison with the BARE and MERT reactors
This section presents the performances of the optimized reactor in reactive conditions and
compares them to the BARE and MERT reactors. Particular attention is given to the chem-
ical selectivity of the process, as it constitutes the ﬁnal target of the optimization. Flow
dynamics, already investigated in Chapter 8, are not presented here.
Bulk velocity and residence time
Evolution of bulk velocity in the optimized reactor is displayed in Fig. 9.1.3 and compared
to the bulk velocity found in the BARE and MERT reactors. It appears that the evolution
of bulk velocity in the optimized reactor is very similar to the one in the MERT reactor,
which is due to quite similar pressure and bulk temperature conditions. Like in the MERT
reactor, the bulk velocity increases faster than in the BARE reactor because of the faster
increase of bulk temperature and thermal dilatation. As a consequence, the evolution of the
ﬂuid residence time as a function of the traveled axial distance is also very similar to the
MERT reactor, as shown in Fig. 9.1.3. As previously stated, the temporal simulation of the
optimized reactor is stopped when the same butane conversion is reached, which occurs after
a simulation time of about 0.142 s and corresponds to a reactor length of 10.79 meters. It can
be noted that, although the reactor length is quite similar than the MERT reactor (10.5 m),
it is however slightly more important, which indicates a slightly slower feed conversion.
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Figure 9.1.3: Bulk velocity time evolution (left) and residence time as a function of the
corresponding reactor length (right) in the simulated reactors.
Pressure loss
Pressure loss, evaluated from the mass source term Sρ (Eq. (6.2.5)) is displayed in Fig. 9.1.4
for the three reactive simulations. As the same outlet pressure is targeted for all simulations,
the inlet pressure change according to the total pressure loss in the reactor length. As could
be expected from the non reactive simulations, the pressure loss is found slightly lower with
the optimized reactor design than with the MERT reactor, leading to an inlet pressure of
256.0 kPa. The pressure loss inside the optimized reactor is only slightly lower than in the
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MERT reactor but signiﬁcantly higher than in the BARE reactor which is coherent with
the conclusions from Chapter 8, the main advantage of the optimized reactor lying in the
increased heat transfer eﬃciency.
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Figure 9.1.4: Evolution of pressure in the simulated reactors.
Heat transfer
In order to investigate the heat transfer eﬃciency inside the optimized reactor during the
steam cracking process, the evolution of the bulk temperature Tb is shown in Fig. 9.1.5. Here
again the evolution of the bulk temperature in the optimized reactor appears quite similar
to the one in the MERT reactor. The bulk temperature increases slightly slowlier in the
optimized reactor in the last few meters of the coil which, because of the similar imposed
wall temperature, implies a slightly lower heat transfer eﬃciency.
The Nusselt number evolution is shown in Fig. 9.1.6 for all investigated reactors. Con-
sistently with the imposed wall heat ﬂux and bulk temperature evolution, the mean Nusselt
number in the optimized reactor is found quite similar to the one in the MERT reactor, but
about 5 % lower in the major part of the reactor, reaching a ﬁnal value of 135. This result
constitutes a major diﬀerence with what was observed in Chapter 8 for the non-reactive sta-
tionary ﬂow. Indeed, enhanced heat transfer eﬃciency was found in the optimized reactor
compared to the MERT reactor in that case. This is due to the slower ﬂow establishment in
the optimized reactor, the delay required for the temperature distribution to reach steady
state in the non-reactive simulation being more important. This delay is even more increased
by unsteady wall heat ﬂux and ﬂow reacting, reducing the heat transfer eﬃciency. In the
MERT reactor however, the temperature distribution establishes very fast, allowing to keep
a higher heat transfer eﬃciency.
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Figure 9.1.5: Evolution of bulk temperature in the simulated reactors.
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Figure 9.1.6: Evolution of the Nusselt number in the simulated reactors.
Chemical production
Evolution of butane dry mass fraction is displayed in Fig. 9.1.7. Consistently with the bulk
temperature evolution shown in Figure 9.1.5, butane conversion rate in the optimized reactor
is found very similar to the one observed in the MERT reactor. Butane conversion rate is
however found very slightly lower in the optimized reactor, which is a consequence of the
lower bulk temperature. The targeted butane conversion rate of 92.99 % is reached only at
a distance of 10.79 m away from the coil inlet, which makes the optimized reactor longer
than the MERT reactor by 2.76 %.
The oleﬁn selectivities in the optimized reactor are displayed in Fig. 9.1.8. All oleﬁns
selectivities in the optimized reactor lie between the BARE and the MERT values. This is
observed for all values of feed conversion. This is a coherent result, since both the operating
pressure and the bulk temperature in the optimized reactor also lie between the BARE and
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Figure 9.1.7: Evolution of the butane dry mass fraction in the simulated reactors.
Species BARE MERT Optimized
C2H4 0.4279 0.4219 0.4240
C3H6 0.1570 0.1680 0.1663
C4H6 0.0354 0.0371 0.0369
Olefin Sum 0.6202 0.6269 0.6272
Table 9.1.2: Oleﬁn selectivities at the reactor outlets.
MERT cases and as those two values are known to be the two main inﬂuent parameters on
chemical production. Compared to the MERT reactor, ethylene selectivity is then found
slightly higher in the optimized reactor, while the propene selectivity is found very slightly
lower. It should however be noticed that the diﬀerences in terms of selectivity between the
MERT and the optimized reactors tend to decrease as the feed conversion increases, leading
to only a small diﬀerence at the coil outlet. When looking at the total oleﬁn selectivity,
although being similar during all the process to the one in the MERT reactor, it is ﬁnally
found slightly higher in the optimized reactor, by 0.05 %. Table 9.1.2 summarizes the values
of oleﬁn selectivities at the reactor outlets.
9.2 Optimization of the chemical process
Based on the results of the previous simulation, it appears that only taking into account
the measured pressure loss and heat transfer eﬃciency in stationary, non-reactive condition
is not reliable enough to ensure improved oleﬁn production. Indeed, the constantly evolv-
ing heat transfer at the wall and the chemical reactivity signiﬁcantly modiﬁes heat transfer
eﬃciency. For this reason, a numerical methodology to include chemical production in the
optimization procedure is developed.
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Figure 9.1.8: Evolution of the oleﬁn selectivities in the simulated reactors.
9.2.1 Methodology to include chemistry in the optimization
Because an optimization procedure based on reactive three-dimensional simulations would
be too CPU-time consuming and cannot be done automatically, it is chosen to estimate the
chemical production corresponding to the diﬀerent reactor designs based on the non-reactive
simulations already performed, combined to 0D homogeneous reactor simulations performed
with the solver CANTERA. Values for the pressure loss and thermal heat transfer are esti-
mated from the non-reactive simulations, assuming no inﬂuence of the chemical activity on
the temperature distribution. This information is used as input of the CANTERA reactive
simulations for an estimation of the chemical production. Although this method relies on the
assumptions that the temperature distribution and the trend in heat transfer eﬃciency both
remain unchanged in reactive conditions, leading to less reliable results in terms of chemical
yields than resolved 3D reactive simulations, it is expected to give an accurate tendency
between the diﬀerent investigated designs. Therefore, this optimization study is expected to
give a quite accurate trend in terms of chemical production without huge additional coupling
costs.
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9.2.2 Reactor simulation with CANTERA
In order to mimic the chemical production inside a reactor, plug-ﬂow reactor simulations
are performed using CANTERA. Those reactive simulations are run with imposed pressure
and temperature curves from the reactor inlet to outlet, both taken from the non-reactive
3D simulations. The implementation of the CANTERA simulations is similar as in the one
presented in Chapter 7 for the assessment of the ARC mechanism against the detailed chem-
istry (see Section 7.1.2), using a linear chain of zero-dimensional elementary reactors. For
consistent comparison with the 3D simulations, the CANTERA simulations use the reduced
mechanism presented in Chapter 7. The initial mixture composition is 69.0 % n-butane and
31.0 % water steam. The simulation is stopped when the butane conversion reaches the
already deﬁned target of 92.99 %. Temperature is controlled in the reactor in order to lead
to realistic chemical production, as detailed below.
9.2.3 Imposed temperature
Simulating steam-cracking reactors based on homogeneous 0D simulation would however
lead to very inaccurate results, since it means that all ﬂuid particles experience the exact
same operating temperature. In 3D reactors, radial temperature gradients are important
and turbulent mixing leads to statistical temperature ﬂuctuations in each ﬂuid particles.
This of course strongly impacts the chemical process.
Instead of using a unique temperature condition in the 0D simulations, the tempera-
ture is therefore imposed as a statistical quantity of given PDF, known from the already
performed 3D reactor simulations. In each elementary reactor, a random operating tem-
perature is selected following the targeted temperature distribution. As a consequence, the
temperature inside the reactor is constantly changing in the full range of temperature, and
in particular reaches very high temperatures representative of the ﬂow in the near wall re-
gion for a very short time. This is represented in Fig. 9.2.1 for 0D simulation of the BARE
reactor, where the actual imposed temperature is seen to ﬂuctuate intensively between the
bulk and the wall temperature, temperatures close to the bulk condition being encountered
much more often as imposed by the temperature distribution. If the ﬂow properties and
the chemical production at the reactor outlet, which are the variable of interest, depend on
a random selection of temperature and therefore are not deterministic, the discretization
of the reactor into many elementary reactors, leading to many selection of temperature, in-
creases the statistical convergence of the result. In addition, the 0D simulation of the reactive
process being fast, it is performed 3 times for each reactor to increase statistical convergence.
Following the numerical methodology developed in Chapter 7, the average wall tempera-
ture proﬁle is known and similar in all investigated reactors in stationary, non-reacting case.
This wall temperature proﬁle is assumed in all CANTERA simulations and cannot be ex-
ceeded by the random operating temperature. Bulk temperature in the reactor is estimated
from the wall temperature and from the Nusselt number measured in the 3D non-reactive
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Figure 9.2.1: Example of imposed operating temperature (left) taken from the corresponding
temperature distribution (right), which is the temperature distribution found in the BARE
reactor.
simulations.
9.3 Response surfaces with continuous ribs
Based on the 0D reactive simulations, response surfaces representative of the oleﬁn produc-
tion inside the roughened reactors are constructed using Gaussian Process. Estimation of
the ethylene production for reactors with a continuous rib (ND = 0) is shown in Fig. 9.3.1.
It appears very clearly from Fig. 9.3.1 that artiﬁcial roughness at the reactor inner surface
is detrimental to ethylene production, which is obviously both a consequence of the pressure
drop and of the imposed temperature distribution. For this reason, the rib pitch should
be selected as large as possible, while the rib height should be limited. Reactor geometries
maximizing ethylene production tend to a smooth tube design, which is consistent with the
conclusions drawn in Chapter 7.
The response surface computed for propene production as a cost function is shown in
Fig. 9.3.2. In complete opposition with ethylene production, propene production is favored
by important artiﬁcial roughness, which is characterized by very small rib pitch and very
important rib height. As pressure drop is not detrimental to propene production with the
considered chemical mechanism, it is not a constraint in this case and important artiﬁcial
roughness are favored due to both pressure drop and favorable temperature distributions. It
should also be noted that the variation in propene production is found much more important
than the amplitude of ethylene production, artiﬁcial roughness being having therefore large
inﬂuence on propene production.
Finally, the sum of all produced oleﬁns (ethylene, propene and butadiene) is shown in
Fig. 9.3.3. The response surface is much like the one observed for propene production as
larger variations in propene production than in ethylene production were found. Based on
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Figure 9.3.1: Response surface of the ethylene production in continuously ribbed cracking
reactors.
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Figure 9.3.2: Response surface of the propene production in continuously ribbed cracking
reactors.
this result, a slight improvement of the MERT performances can be expected by increasing
the rib height, although the MERT reactor (e = 2.13 mm and p = 69.11 mm) already ap-
pears as a quite eﬃcient design. Note that the amplitude of results estimated from the 0D
reactive simulations in terms of oleﬁn production is not very important, a relative diﬀerence
of about 2.9 % being found between the least eﬃcient simulated design and the more eﬃcient
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simulated design: only slightly more eﬃcient design compared to the MERT reactor should
be expected.
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Figure 9.3.3: Response surface of the total oleﬁn production in continuously ribbed cracking
reactors.
9.4 Response surfaces with discontinuous ribs
The chemical production estimated when including discontinuities inside the rib is ﬁnally
investigated. For all cases, important ethylene production is always associated with small
rib height, while important rib height always lead to low production. This is coherent with
the previously drawn conclusions, artiﬁcial roughness appearing detrimental to ethylene pro-
duction. Optimum rib pitch is however found to depend on the emptiness ratio Er, low Er
favoring small p while large Er favoring large p. This result is quite surprising, as optimum
heat transfer eﬃciency is known to be found with large Er and large p, which was sup-
posed to be detrimental to ethylene production. This may be explained by the temperature
distribution encountered in such reactor design, as presented in the next section. Also, a
large number of discontinuities is found to have small inﬂuence on the response surface but
is slightly detrimental to ethylene production. Figure 9.4.1 shows a response surface with
ND = 2, showing the highest ethylene production estimation. It should be noticed that no
discontinuously or continuously ribbed reactor design is expected to lead to more important
ethylene production than the BARE reactor, which appears as the best reactor geometry for
ethylene production considering the targeted operating conditions.
Contrary to ethylene production, a high number of discontinuities is found to lead to
more important propene production. Again, the optimum rib pitch p depends on the empti-
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Figure 9.4.1: Response surface of the ethylene production in discontinuously ribbed cracking
reactors.
ness ratio Er, but surprisingly important p are favored when associated with small Er, while
small p are favored with large Er. It appears from this result that the Nusselt number is
not the only important parameter when optimizing propene production, as optimum heat
transfer eﬃciency is found for large Er and large p. Figure 9.4.2 shows a response surface
for ND = 4 showing the optimum predicted propene production. This optimum propene
production predicted is signiﬁcantly higher than in the optimum reactor design with contin-
uous ribs, suggesting a new optimum design. This can be the result of larger pressure drop
encountered with smaller p, which was found to favor the propene production in Chapter 7,
but also of the speciﬁc temperature distribution, as shown in the next section.
Finally, the prediction of total oleﬁn production is investigated. The response surface
associated with total oleﬁn production is more complex than for ethylene or propene produc-
tion, as the ethylene and propene productions often balance, leading to quite similar oleﬁn
production in all investigated reactor designs. For this reason, the global variation of the
response surface is small, making the result poorly reliable but highlighting the fact that
no huge improvement in terms of oleﬁn production should be expected from reactor design
alone with the considered operating condition. Two optimum designs however arise from
this study. The ﬁrst is found for e = 3.00 mm, p = 74.1 mm, ND = 4 and Er = 0.346, and
is quite close to the optimum design for propene production. Figure 9.4.3 shows a response
surface in the close vicinity of this optimum, Er slightly varying due to the limited number
of created response surfaces. Although the ethylene production is expected to be low with
this design, the propene production is expected to balance this, leading to improved oleﬁn
production. The second optimum point is found for e = 1.87 mm, p = 143.0 mm, ND = 4
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Figure 9.4.2: Response surface of the propene production in discontinuously ribbed cracking
reactors.
and Er = 0.530, i.e., same number of discontinuities, but large discontinuities, low e and
large p, which leads to an almost smooth reactor design favoring ethylene production over
propene production. This geometry being less promising than the previous one, it is not
further investigated.
9.5 Temperature distribution
As seen in the previous section, the most promising reactor geometry which rises from the
reactive optimization process maximizes the global oleﬁn yield through important propene
production. This design however only induces moderately important heat transfer eﬃciency
and pressure drop, which is quite surprising as large pressure drop and heat transfer are
known to increase propene production. In order to explain such eﬀect, the temperature
distribution inside the most promising reactor design is investigated in the present section.
This reactor geometry is called ’propene maximizer’ in the present chapter in order to ease
the distinction with other reactors. Figure 9.5.1 shows the propene maximizer geometry,
which has the following characteristics:
• e = 3.00 mm
• p = 74.1 mm
• ND = 4
• Er = 0.346
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Figure 9.4.3: Response surface of the total oleﬁn production in discontinuously ribbed crack-
ing reactors.
Figure 9.5.1: Representation of the propene maximizer. Three pitches are represented.
Based on the results presented in the previous section, it appears that maximizing the
propene production does not only depends on high pressure drop and Nusselt number at the
wall, since the optimum result found using 0D reactive simulations does not induce remark-
able pressure drop nor heat transfer eﬃciency. Instead, the speciﬁcity of such reactor designs
is to be found in their temperature distribution. Figure 9.5.2 compares the temperature dis-
tribution found in stationary non-reactive simulations of the MERT reactor, the optimized
reactor and the propene maximizer, to the temperature distribution found in the BARE
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reactor. It can be noticed that the distribution from the propene maximizer is the most
peaked one, with a highly probable occurence of the bulk temperature. High temperatures
however are very unlikely and appear even less probable than in the optimized reactor de-
spite slightly higher maximal wall temperature, explaining the lower Nusselt number found
with this reactor design. This is due to a unimodal temperature distribution in the propene
maximizer reactor, while bimodal temperature distributions are observed in the MERT and
optimized reactors. Then, it can be concluded that propene maximization could be reached
when targeting optimum bulk temperature repartition in the reactor and making high tem-
perature unlikely. On the contrary, the temperature PDF in the BARE reactor is found
much ﬂatter, with multiple peaks, making temperatures higher than the bulk temperature
very probable and favoring ethylene selectivity.
Temperature [K]
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Figure 9.5.2: Probability Distribution Function (PDF) of temperature inside investigated
reactors. Results for stationary, non-reactive 3D simulations.
9.6 Propene maximizer
In this section, the three-dimensional reactive simulation of the steam cracking process in
the propene maximizer is performed. The numerical methodology, which is exactly the same
as used for the BARE, MERT and optimized reactors is not reminded here. Figure 9.6.1
shows the heat ﬂux applied at the wall to recover the mean wall temperature similar to the
232
CHAPTER 9. REACTOR OPTIMIZATION FOR BUTANE CRACKING
other reactor designs.
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Figure 9.6.1: Heat ﬂux imposed at the reactor wall (left) and corresponding mean wall
temperature (right).
9.6.1 Pressure loss
Evolution of mean pressure inside the propene maximizer is shown in Fig. 9.6.2, along with
the pressure evolution inside the BARE, MERT and Optimized reactors for comparison.
It is reminded that the same outlet pressure is targeted in all reactors, the inlet pressure
depending on the total pressure loss. Compared to other designs, the propene maximizer
induces an important pressure loss, which is not surprising considering the beneﬁts of high
pressure on propene production, and the inlet pressure is found to be 282.0 kPa.
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Figure 9.6.2: Mean pressure evolution in all investigated reactors.
Due to this high operating pressure, the ﬂuid density is also high in the propene maxi-
mizer and the mixture bulk velocity is imposed lower at the reactor inlet in order to reach
similar mas ﬂow rate. It is observed in Fig. 9.6.3 that bulk velocity keeps increasing in the
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propene maximizer as the temperature increases, but remains signiﬁcantly lower than in the
MERT and optimized reactors. The consequence is, despite a moderate reactor length of
10.78 m which is very similar to the optimized reactor length, the ﬂuid residence time in the
reactor is found slightly higher, equal to about 0.156 s, as shown in Fig. 9.6.3.
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Figure 9.6.3: Evolution of the bulk velocity in all investigated reactors (left) and the corre-
sponding residence time (right).
9.6.2 Heat transfer efficiency
The bulk temperature inside all investigated reactors is shown in Fig. 9.6.4. It immedi-
ately appears that all roughened reactors exhibit quite similar bulk temperature evolution,
which is the consequence of close heat transfer eﬃciency. The Nusselt number is shown in
Fig. 9.6.5, assessing the increase in terms of heat transfer eﬃciency of the propene maxi-
mizer compared to the BARE reactor. The propene maximizer however induces lower heat
transfer eﬃciency than the MERT and optimized reactors, which is not very surprising since
lower performances could be expected from the optimization process. It could be noted
however that heat transfer eﬃciency is found quite stable in the second part of the propene
maximizer unlike in all other investigated reactors due to fast establishment of the ﬂow and
temperature distribution, and is quite similar to the optimized reactor at the coil outlet.
9.6.3 Chemical production
As for all other reactor designs, the simulation of the propene maximizer is stopped when a
butane conversion of 92.99 % is reached. As already stated, this is achieved after a simula-
tion time of 0.156 s, which given the ﬂuid bulk velocity corresponds to a reactor length of
10.78 m. Evolution of butane dry mass fraction is represented in Fig. 9.6.6. It can be noted
that, although butane conversion is very similar to the butane conversion in the MERT and
optimized reactors, it is slightly lower in the ﬁrst half of the reactor due to lower bulk tem-
perature. As bulk temperature increases compared to the optimized reactor in the second
half, butane conversion is slightly increased to ﬁnally reach the same butane conversion at
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Figure 9.6.4: Bulk temperature evolution inside all investigated reactors.
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Figure 9.6.5: Nusselt evolution in all investigated reactors.
the same axial distance.
Fig. 9.6.7 displays the oleﬁn selectivities. It appears that, despite moderate heat trans-
fer eﬃciency in the propene maximizer, the ethylene selectivity remains low during all the
process. This is most probably due to the high operating pressure, which is known to be
detrimental to ethylene production. Moreover, the temperature distribution is also supposed
to be detrimental to ethylene production, explaining lower ethylene yield in the propene
maximizer than in any other investigated reactors. On the contrary, propene production is
found quite important in the propene maximizer. This is supposed to be the consequence
of signiﬁcant pressure drop but also of the speciﬁc temperature distribution in this reactor
design. As expected, it is found that the propene maximizer is the reactor design leading
to the most important propene production of all investigated reactors. Finally, butadiene
production is found lower in the propene maximizer during almost all the process, but its
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Figure 9.6.6: Evolution of the butane dry mass fraction.
production increases signiﬁcantly in the second half of the reactor to ﬁnally reach similar
yields than in the MERT and optimized reactors.
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Figure 9.6.7: Selectivity of oleﬁns in all investigated reactors.
The selectivity of the total oleﬁn production (sum of ethylene, propene and butadiene) is
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Species BARE MERT Optimized Propene max.
C2H4 0.4279 0.4219 0.4240 0.4150
C3H6 0.1570 0.1680 0.1663 0.1713
C4H6 0.0354 0.0371 0.0369 0.0369
Olefin Sum 0.6202 0.6269 0.6272 0.6232
Table 9.6.1: Oleﬁn selectivities at the reactor outlets.
also shown in Fig. 9.6.7. Oleﬁn selectivity in the propene maximizer exhibits a very similar
trend than in all other investigated reactors, decreasing during all the process and dropping
quite sharply in the last few meters. Although the global oleﬁn selectivity in the propene
maximizer is found lower than in all other investigated reactors during the ﬁrst half of the
process, the oleﬁn selectivity drops less sharply at the end of the process with this reactor.
The consequence is a ﬁnal oleﬁn selectivity more important than the selectivity observed
in the BARE reactor, but signiﬁcantly smaller than in the MERT and optimized reactors.
Therefore, if the propene maximizer design is promising in terms of propene production, it
should not be favored for oleﬁn production due to low ethylene yields. Table 9.6.1 summa-
rizes the selectivities of the diﬀerent oleﬁns found at the reactor outlets.
9.7 Validity of the reactive optimization methodology
Considering the oleﬁn production of the propene maximizer evaluated from 3D reactive
simulation, the methodology to include chemistry in the optimization procedure is found
satisfactory. The main parameters aﬀecting the chemical production, i.e., the mean pressure
and the temperature distribution, although estimated from non-reactive stationary simula-
tions, are found in quite good agreement with the reactive simulations, leading to a good
trend for the response surface obtained from the optimization procedure.
Pressure drop is accurately taken into account by the reactive optimization methodology.
Although the pressure evolution in reactive conditions is estimated from the non-reactive 3D
simulations, the impact of chemistry on the pressure drop is small, leading to an accurate
estimation. Based on non-reactive stationary simulation, the pressure drop in the optimized
reactor was estimated 2.11 times higher than in a smooth tube, while the reactive simula-
tions showed an increase in pressure loss by a factor of about 2.3, assessing good agreement
in terms of pressure drop. In addition, pressure drop was found in Chapter 7 to only have
small inﬂuence on the oleﬁn production, temperature distribution having much more eﬀects.
Temperature distribution in reactive simulations is more diﬃcult to estimate from non-
reactive simulations. In particular, the Nusselt number is found dependent to the ﬂow
development in the ﬁrst part of the reactor, which was not taken into account in the current
optimization methodology. As a consequence, the temperature distribution imposed in the
0D simulation is approximative in the ﬁrst part of the reactor, and heat transfer eﬃciency
is over-estimated in reactors with a fast establishment of the temperature distribution, lead-
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ing to an over-estimation of the bulk temperature in 0D simulations. The consequence is an
under-estimation of the oleﬁn production by the optimization methodology. The global trend
is however quite well retrieved as the temperature distribution progressively establishes in
the reactors and tends to the one observed in stationary simulations. For this reason, temper-
ature distribution responsible for important propene production were successfully identiﬁed,
the propene maximizer geometry leading to important propene production.
9.8 Conclusion
In this chapter, the reactive simulation of the butane cracking process using the optimized
reactor has been performed. If the optimized reactor constitutes a promising design for
steady heat exchanger applications, its heat transfer eﬃciency during the unsteady process
of steam cracking is disappointing, being slightly lower than the MERT reactor. The pres-
sure drop observed in the optimized reactor is however in very good agreement with what
could be expected from the optimization process, leading to a slightly lower inlet pressure
than in the MERT reactor. Consequently, both ethylene and propene production in the op-
timized reactor are found intermediate between the BARE and MERT reactor performances.
When looking at the global production of oleﬁn however, the optimized reactor leads to very
slightly more important yields than the MERT reactor, the increase in ethylene production
balancing the lower propene production. This constitutes the advantage of the optimized
reactor over the other designs. If this study has led to an innovative reactor design which
is promising in terms of oleﬁn production, its main interest is to highlight the fact that
the maximization of oleﬁn production is a complex task, as maximizing the heat transfer
eﬃciency alone does not ensure greater oleﬁn selectivity.
For this reason, an optimization procedure including reactive simulations appears neces-
sary in order to optimize the oleﬁn production and is presented. This reactive optimization
process includes 0D reactive simulations and uses the already performed three-dimensional
steady simulations in order to make the computational cost reasonable. From this study,
it ﬁrst appears that ethylene production is maximized in a smooth reactor, which is coher-
ent with the previously drawn conclusions. The maximization of propene occurs with very
uniform temperature distributions and the design leading to most uniform temperature dis-
tribution diﬀers from the optimum design in terms of heat transfer eﬃciency. Such a design
seems interesting for oleﬁn production, and it is chosen to perform 3D simulation of steam
cracking process.
As expected, this reactor design leads to very important propene production, which is its
main interest. However, the very low ethylene production due to both the important pres-
sure loss and the detrimental temperature distribution does not enable to reach important
global oleﬁn production. It appears that maximizing the oleﬁn production is a complex task
which implies to ﬁnd a good trade-oﬀ between ethylene and propene production, as both
the propene maximizer and the ethylene maximizer (BARE reactor) do not lead to maximal
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oleﬁn production. However, it should be noted that the diﬀerence in terms of oleﬁn produc-
tion between all investigated reactors stays limited, and optimizing the operating conditions
instead of the reactor design alone should be investigated.
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Chapter 10
Conclusions and perspectives
In the present work, butane steam cracking is investigated thanks to reacting turbulent
Large Eddy Simulations (LES) performed in both smooth and artiﬁcially roughened tubes.
A speciﬁc numerical methodology is developed and tested in order to reach aﬀordable com-
putational cost. In particular, the inﬂuence of wall roughness on the chemical production
is investigated. Design optimization of cracking reactors is ﬁnally performed in order to
maximize the chemical production.
The ﬁrst part of the document proposes a literature study. After introducing the indus-
trial context in Chapter 1, a literature review summarizes the experimental and numerical
studies on wall ﬂows over smooth and rough surfaces in Chapters 2 and 3. Many experi-
mental and numerical studies have been published for turbulent ﬂows in smooth tubes. For
roughened tubes however, experimental studies show very diﬀerent results, with no clear
conclusions about the nature of the wall ﬂow. Moreover, the wide variety of possible wall
roughnesses makes an exhaustive study of all wall roughened ﬂows impossible. Examples of
numerical simulations of turbulent ﬂows in ribbed tubes, especially of helically ribbed tubes,
remain scarce in the literature. For these reasons, high-ﬁdelity numerical simulation appears
as an interesting tool to investigate turbulent ﬂows in tubes with various roughness shapes.
Simulations of the steam-cracking process are ﬁnally reviewed in Chapter 4. If many sim-
ulations of reacting ﬂows involving hydrocarbon cracking chemistry were performed in the
past few decades, three-dimensional LES have not been used until very recently to simulate
such ﬂows due to important associated cost.
The second part of the document focuses on the numerical simulation of steam-cracking
process using LES. In Chapter 5, the simulation of a steady turbulent heated ﬂow is per-
formed and analyzed. For the ﬁrst time, numerical results of turbulent heated ﬂows in such
geometry are compared with detailed experimental measurements. The results assess the
very good prediction of the ﬂow using LES, both in terms of ﬂow dynamics and thermal heat
transfer. The simulation giving access to numerous information about the ﬂow dynamics,
the ﬂow motion is analyzed in details. In particular the mechanisms responsible for the
pressure drop in the ribbed tube are investigated and their respective contributions are com-
pared, assessing a much higher inﬂuence of pressure drag than friction drag. The numerical
methodology for the simulation of unsteady, reacting ﬂows using periodic conﬁgurations is
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then presented in Chapter 6. Although it is shown that perfect agreement is not recovered
between periodic and spatial simulations, the error induced by such a methodology is stud-
ied and assessed. This chapter proves acceptable unsteady reacting ﬂow prediction using
the periodic methodology, and this methodology is applied in the next chapter. Chapter 7
focuses on reacting simulations of two diﬀerent cracking reactors in industrial conditions.
The objective of this chapter is to evaluate the chemical yields obtained with each reactor
geometry, and study the impact of pressure loss, turbulence and heat transfer on the chem-
istry. Butane cracking chemistry is reduced and validated against 1D simulations before its
implementation in the code AVBP. Simulations of butane cracking process within the indus-
trial conﬁgurations BARE (smooth tube) and MERT (ribbed tube) are performed at similar
operating conditions, with similar feed conversion and an imposed heat ﬂux at the wall lead-
ing to similar skin temperature. Due to higher heat transfer eﬃciency, the bulk temperature
raises faster in the MERT reactor, which leads to faster feed conversion and shorter reactor
length. Pressure losses are also found signiﬁcantly higher due to the internal rib shape. If
pressure is found to have moderate impact on the chemical transformation, the tempera-
ture distribution inside the MERT reactor favors propene production, but is detrimental to
ethylene production, leading to only slight increase in the oleﬁn yield. From this study, the
BARE reactor appears as an optimum reactor design for ethylene production, but speciﬁc in-
ternal roughness might be used for maximization of propene production or total oleﬁn yields.
Finally, geometrical optimization of the reactor design is investigated in the last part.
The optimization of an helically ribbed heat exchanger is proposed in Chapter 8, relying on
a set of non-reacting, heated, steady simulations. The simulations investigating the pressure
loss and heat transfer inside the tested reactor design, the function to maximize is chosen
in order to ﬁnd the best heat exchanger design. A surrogate-model representative of the
cost function is built using Gaussian Process, and optimization is done from the response
surface using the EGO method. This work leads to optimum heat exchanger designs, which
are investigated in details. Finally, the design optimization of the reactors, including bu-
tane cracking chemistry, is studied in Chapter 9. The performances of the optimized heat
exchanger, in particular in terms of oleﬁn yield, are investigated. It appears from this study
that optimizing steam cracking reactors based on steady non-reacting simulations is poorly
reliable, the heat transfer eﬃciency during the cracking process being considerably diﬀerent.
The optimized heat exchanger still provides slightly higher oleﬁn yield than the MERT re-
actor and constitutes an interesting design for oleﬁn production. Finally, an optimization of
reactor design based on 1D reacting simulations is proposed. This study shows maximum
propene production when encountering very uniform (unimodal) operating temperature, and
a reactor design for propene production is proposed. This geometry however leads to poor
ethylene production and optimizing oleﬁn yield requires a good trade-oﬀ between ethylene
and propene production.
This work has proven the feasibility of LES of steam-cracking processes in realistic condi-
tions within a reasonable CPU cost thanks to periodic boundary conditions. Results provide
important new information about the steam cracking process and suggest new reactor geome-
tries which maximizes the oleﬁn production. The complete optimization of steam cracking
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process however involves more parameters than the reactor coil design, and further studies
are necessary in order to reach an optimized process. As already stated in Chapter 7, op-
erating conditions such as the heat ﬂux provided to the reactor and the resulting reactor
skin temperature are of primary importance for the maximization of oleﬁn yield, and more
studies could be performed in this direction. In particular, coke formation at the coil inner
surface is one of the most critical parameters when dealing with cracking of hydrocarbons
and should be considered in futur works. While this thesis only considers the ideal case of
a single straight reactor, with heat ﬂux uniformly distributed on the azimuthal section, real
cracking furnaces include many tubular reactors, usually involving sinuous shapes and the
burners distributed around the reactor do not enable a perfect repartition of the heat ﬂux.
With the increasing computational power, simulation of the complete furnace should give
access to more information and will give rise to even further optimized reactors. Therefore,
the optimization methodology developed in this work could be applied in the future for a
global reduction of energy consumption in cracking furnaces.
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Appendix A
First reaction network for butane
cracking
This section contains all the information relative to the ﬁrst reduced butane cracking mech-
anism presented in Chapter 6. This mechanism is known to signiﬁcantly over-predict the
propene production, and therefore is used only for the validation of the periodic approach.
For an accurate estimation of oleﬁn production during butane cracking, it is advised to refer
to the other reduced mechanism presented in Appendix B.
This reduced mechanism was derived from the detailed mechanism from Polimi. It con-
tains 27 species (with 10 of them put in QSSA), and a total of 271 reactions (204 reactions
if accounting for reversible reactions). Although the complete reduced mechanism is pre-
sented here for the sake of clarity, reactions involving non-linear coupling of QSS species are
removed from the mechanism during the simulations, reducing to 227 reactions only.
A.1 Reaction network
#
# CTI F i l e converted from So lu t i o n Object
#
un i t s ( l ength = ”cm” , time = ” s ” , quant i ty = ”mol” , ac t ene rgy = ” ca l /mol” )
i d e a l g a s (name = ”” ,
e lements = ”H O C” ,
s p e c i e s =””” H2O H2 H CH3 C2H6 C2H5 CH4 C2H4 C2H2 C2H3 C4H6
CH2CHCH2 C3H6 NXC4H8 C3H8 AXC3H4 CHCHCH3 NXC3H7 IXC3H7 SXC4H7 NC4H9P
NC4H9S NC4H10 IC4H9P IXC4H10 IXC4H8 NXC5H10 ””” ,
r e a c t i o n s = ” a l l ” ,
t r anspor t = ”Mix” ,
k i n e t i c s = ”GasKinet ics ” ,
i n i t i a l s t a t e = s t a t e ( temperature = 0 . 0 , p r e s su r e= 0 . 0 ) )
#
# Spec ies data
#
s p e c i e s (name = ”H2O” ,
atoms = ”H:2 O:1 ” ,
thermo = (
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NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 4 . 035309370 e+00, 6 . 875598330 e 0 4 ,
2 .866292140 e 0 6 , 1 . 505523600 e 0 9 ,
2 .550067900 e 1 3 , 3 . 027832780 e+04,
1 . 992016410 e 0 1 ] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 225699600 e+00, 1 .843410620 e 0 3 ,
2 . 182625970 e 0 8 ,
8 . 375909850 e 1 1 , 0 .000000000 e+00,
3 . 007593690 e+04, 3 .896303440 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 2.6050000000000004 ,
we l l depth = 572 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”H2” ,
atoms = ”H:2 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 3 . 409340320 e+00, 3 .276091520 e 0 4 ,
3 . 822520350 e 0 7 , 2 .800209220 e 1 0 ,
0 .000000000 e+00, 1 . 027430860 e+03,
3 . 799588470 e+00] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 731109020 e+00, 8 . 867062140 e 0 4 ,
1 .122868970 e 0 6 , 3 . 743497820 e 1 0 ,
4 .179636740 e 1 4 , 1 . 088515470 e+03,
5 . 352858550 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 2.9200000000000004 ,
we l l depth = 38 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”H” ,
atoms = ”H:1 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 500000000 e+00, 4 . 074551600 e 1 5 ,
5 .985272660 e 1 8 , 3 . 430749820 e 2 1 ,
6 .747757160 e 2 5 , 2 .547162000 e+04,
4 . 601176000 e 0 1 ] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 500000000 e+00, 7 .403362230 e 1 5 ,
5 . 569674160 e 1 8 , 1 .739248760 e 2 1 ,
1 . 926737090 e 2 5 , 2 .547162000 e+04,
4 . 601176000 e 0 1 ] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ”atom” ,
diam = 2 .05 ,
we l l depth = 145 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”CH3” ,
atoms = ”C:1 H:3 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 3 . 533274010 e+00, 3 .614880080 e 0 3 ,
1 .007390680 e 0 6 , 1 . 399585160 e 0 9 ,
3 .340142770 e 1 3 , 1 .630603660 e+04,
2 .101138600 e+00] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 577239740 e+00, 6 .626011640 e 0 3 ,
2 . 549063920 e 0 6 , 4 .673201410 e 1 0 ,
3 . 348676630 e 1 4 , 1 .654886930 e+04,
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6.941959660 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 3 . 8 ,
we l l depth = 144 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H6” ,
atoms = ”C:2 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 7 4 4 6 1 3090 e 0 1 , 2 .564224300 e 0 2 ,
1 . 447205860 e 0 5 , 4 .305551640 e 0 9 ,
5 . 307404250 e 1 3 ,
1 . 104643600 e+04, 2 .204527750 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 1 . 513679640 e+00, 2 .010787530 e 0 2 ,
8 . 237005570 e 0 6 , 1 .285984960 e 0 9 ,
0 .000000000 e+00, 1 . 149700050 e+04,
1 .298391570 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4.302 ,
we l l depth = 252 .3 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H5” ,
atoms = ”C:2 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 433406960 e+00, 1 .458933010 e 0 2 ,
1 . 635209350 e 0 6 ,
1 . 621127370 e 0 9 , 0 .000000000 e+00,
1 .303350360 e+04, 1 .781516220 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 1 . 1 0 4 8 9 3580 e+00, 2 .435119130 e 0 2 ,
1 . 396131520 e 0 5 , 3 .898702970 e 0 9 ,
4 . 172851200 e 1 3 , 1 .350307490 e+04,
3 .001469070 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4.302 ,
we l l depth = 252 .3 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”CH4” ,
atoms = ”C:1 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 857653130 e+00, 2 .535711000 e 0 3 ,
9 .679163460 e 0 6 , 8 . 698808700 e 0 9 ,
2 .255997700 e 1 2 , 1 . 003579040 e+04,
4 .989693920 e+00] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 8 2 3 2 1 4160 e 0 1 , 1 .427393360 e 0 2 ,
6 . 776288770 e 0 6 , 1 .553809510 e 0 9 ,
1 . 394738410 e 1 3 ,
9 . 363835840 e+03, 2 .035070240 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 3.7460000000000004 ,
we l l depth = 141 .4 ,
po la r = 0 . 0 ,
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r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H4” ,
atoms = ”C:2 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 661616970 e 0 1 , 1 .942723280 e 0 2 ,
1 . 145411580 e 0 5 , 3 .496910540 e 0 9 ,
4 . 392282670 e 1 3 , 5 .453991230 e+03,
1 .952643290 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 1 . 745155730 e+00, 1 .484925120 e 0 2 ,
6 . 295906470 e 0 6 , 9 .984604910 e 1 0 ,
0 .000000000 e+00, 5 .081351740 e+03,
1 .203179060 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 3.971 ,
we l l depth = 280 .8 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H2” ,
atoms = ”C:2 H:2 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 838121590 e+00, 1 .645339250 e 0 2 ,
1 . 934080050 e 0 5 , 1 .240680470 e 0 8 ,
3 . 146273910 e 1 2 , 2 .614250430 e+04,
9 .542392520 e+00] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 4 . 611936120 e+00, 5 .014982040 e 0 3 ,
1 . 652536940 e 0 6 , 2 .499225320 e 1 0 ,
1 . 305686360 e 1 4 , 2 .560438430 e+04,
3 . 755170960 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .1 ,
we l l depth = 209 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H3” ,
atoms = ”C:2 H:3 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 580113130 e+00, 1 .193826830 e 0 2 ,
4 . 396683800 e 0 6 , 2 .844770320 e 1 0 ,
0 .000000000 e+00, 3 .345891000 e+04,
1 .546135580 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 7 . 050942300 e 0 1 , 1 .537611480 e 0 2 ,
8 . 917881780 e 0 6 , 2 .513409050 e 0 9 ,
2 . 705616500 e 1 3 , 3 .361895100 e+04,
1 .965318780 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .1 ,
we l l depth = 209 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C4H6” ,
atoms = ”C:4 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 0 4 5 3 3 8570 e+00, 4 .248949280 e 0 2 ,
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3 . 125575100 e 0 5 , 1 .200018400 e 0 8 ,
1 . 858708180 e 1 2 , 1 .191862750 e+04,
2 .798398060 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 4 . 757350080 e+00, 2 .429796890 e 0 2 ,
1 . 042206090 e 0 5 , 1 .696621020 e 0 9 ,
0 .000000000 e+00, 1 .047128660 e+04,
1 . 355049700 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .18 ,
we l l depth = 357 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”CH2CHCH2” ,
atoms = ”C:3 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 457881930 e 0 1 , 3 .222528860 e 0 2 ,
2 . 273142240 e 0 5 , 8 .030943060 e 0 9 ,
1 . 122809750 e 1 2 , 1 .853015130 e+04,
2 .305851680 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 921616890 e+00, 2 .053522680 e 0 2 ,
9 . 555975180 e 0 6 , 1 .646919170 e 0 9 ,
0 .000000000 e+00, 1 .757898180 e+04,
3 .925659900 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .22 ,
we l l depth = 316 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C3H6” ,
atoms = ”C:3 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 6 1 8 8 6 7610 e 0 1 , 3 .207045670 e 0 2 ,
2 . 027236020 e 0 5 , 6 .669560860 e 0 9 ,
8 . 903079690 e 1 3 , 1 .261570990 e+03,
2 .371622830 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 733935770 e+00, 2 .279629330 e 0 2 ,
9 . 821193090 e 0 6 , 1 .606426610 e 0 9 ,
0 .000000000 e+00, 5 .068297400 e+02,
8 .535533640 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .14 ,
we l l depth = 307 .8 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”NXC4H8” ,
atoms = ”C:4 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 0 5 7 0 7 7730 e+00, 4 .635449640 e 0 2 ,
3 . 235099950 e 0 5 , 1 .304162120 e 0 8 ,
2 . 373135460 e 1 2 ,
1 . 554781860 e+03, 3 .054295250 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 987098140 e+00, 3 .252825410 e 0 2 ,
1 . 462504790 e 0 5 , 2 .941363850 e 0 9 ,
2 . 149608130 e 1 3 ,
2 . 501119010 e+03, 1 .039719090 e+01] )
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) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C3H8” ,
atoms = ”C:3 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 2 5 5 1 2 7250 e+00, 4 .049835330 e 0 2 ,
2 . 563400990 e 0 5 , 8 .450781530 e 0 9 ,
1 . 130460940 e 1 2 ,
1 . 372715550 e+04, 2 .861893660 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 2 . 548609140 e+00, 2 .872303550 e 0 2 ,
1 . 236412240 e 0 5 , 2 .022014580 e 0 9 ,
0 .000000000 e+00, 1 . 468542920 e+04,
9 .344337690 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”AXC3H4” ,
atoms = ”C:3 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 215629180 e+00, 2 .356250080 e 0 2 ,
1 . 473409440 e 0 5 , 4 .685704040 e 0 9 ,
5 . 995707040 e 1 3 , 2 .266744130 e+04,
1 .580665780 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 235316400 e+00, 1 .731130260 e 0 2 ,
7 . 691188910 e 0 6 , 1 .274738850 e 0 9 ,
0 .000000000 e+00, 2 .215854520 e+04,
5 .571993960 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .76 ,
we l l depth = 252.00000000000003 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”CHCHCH3” ,
atoms = ”C:3 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 6 . 105120200 e 0 1 , 2 .845132520 e 0 2 ,
1 . 858194230 e 0 5 , 6 .246713580 e 0 9 ,
8 . 483273680 e 1 3 , 3 .124888780 e+04,
2 .336819760 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 464225850 e+00, 1 .961664180 e 0 2 ,
8 . 625389610 e 0 6 , 1 .422803100 e 0 9 ,
0 .000000000 e+00, 3 .052997690 e+04,
8 .907736210 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .22 ,
we l l depth = 316 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
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)
s p e c i e s (name = ”NXC3H7” ,
atoms = ”C:3 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 5 . 401302680 e 0 1 , 3 .445609960 e 0 2 ,
2 . 214939510 e 0 5 , 7 .412640820 e 0 9 ,
1 . 038973070 e 1 2 , 9 .854238420 e+03,
2 .234005920 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 929277610 e+00, 2 .390941450 e 0 2 ,
1 . 018449390 e 0 5 , 1 .566304300 e 0 9 ,
0 .000000000 e+00, 9 .003922740 e+03,
5 .181928830 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”IXC3H7” ,
atoms = ”C:3 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 737252460 e 0 1 , 3 .548315880 e 0 2 ,
2 . 331434550 e 0 5 , 7 .978814290 e 0 9 ,
1 . 138900660 e 1 2 , 8 .182861900 e+03,
2 .236942230 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 962523050 e+00, 2 .399026950 e 0 2 ,
1 . 025605960 e 0 5 , 1 .585719270 e 0 9 ,
0 .000000000 e+00, 7 .258240420 e+03,
3 .698162660 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”SXC4H7” ,
atoms = ”C:4 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 1 2 5 5 0 1240 e+00, 4 .648236520 e 0 2 ,
3 . 451245910 e 0 5 , 1 .373819200 e 0 8 ,
2 . 287512730 e 1 2 , 1 .463879780 e+04,
3 .055717110 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 5 . 252265350 e+00, 2 .609151670 e 0 2 ,
1 . 057654910 e 0 5 , 1 .527851220 e 0 9 ,
0 .000000000 e+00, 1 .307290150 e+04,
1 . 577750810 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”NC4H9P” ,
atoms = ”C:4 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 7 6 1 8 8 3630 e 0 1 , 4 .941313800 e 0 2 ,
3 . 937927390 e 0 5 , 2 .082219010 e 0 8 ,
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5 . 130337780 e 1 2 , 6 .858072730 e+03,
2 .792432940 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 947630050 e+00, 3 .162863940 e 0 2 ,
1 . 129848670 e 0 5 , 1 .116374520 e 0 9 ,
5 .540315920 e 1 4 , 6 .055547230 e+03,
7 .763500690 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”NC4H9S” ,
atoms = ”C:4 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 2 . 363364760 e 0 1 , 4 .698379940 e 0 2 ,
3 . 750839370 e 0 5 , 2 .158570940 e 0 8 ,
5 . 979867760 e 1 2 , 5 .200862790 e+03,
2 .528358720 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 401229250 e+00, 3 .209018640 e 0 2 ,
1 . 122554710 e 0 5 , 9 .717121290 e 1 0 ,
8 .307262510 e 1 4 , 4 .662831020 e+03,
1 .052916400 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”NC4H10” ,
atoms = ”C:4 H:10 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 2 0 8 3 6 7580 e+00, 5 .261370810 e 0 2 ,
3 . 397056400 e 0 5 , 1 .135612940 e 0 8 ,
1 . 532199630 e 1 2 ,
1 . 685372080 e+04, 2 .983849580 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 946613170 e+00, 3 .665504130 e 0 2 ,
1 . 598597300 e 0 5 , 2 .643024810 e 0 9 ,
0 .000000000 e+00, 1 . 815239560 e+04,
3 .716839900 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”IC4H9P” ,
atoms = ”C:4 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 1 5 5 8 2 3760 e+00, 5 .100429380 e 0 2 ,
3 . 536571020 e 0 5 , 1 .327747890 e 0 8 ,
2 . 139487240 e 1 2 , 5 .984376850 e+03,
3 .112448200 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 4 . 872579580 e+00, 3 .176638840 e 0 2 ,
1 . 283562220 e 0 5 , 1 .817405700 e 0 9 ,
0 .000000000 e+00, 4 .502017720 e+03,
7 .397610030 e 0 1 ] )
) ,
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t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”IXC4H10” ,
atoms = ”C:4 H:10 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 1 . 8 5 9 6 5 3280 e+00, 5 .580079400 e 0 2 ,
3 . 975371900 e 0 5 , 1 .613020020 e 0 8 ,
2 . 912000670 e 1 2 ,
1 . 784301980 e+04, 3 .096101660 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 5 . 519557940 e+00, 3 .237472660 e 0 2 ,
1 . 186554360 e 0 5 , 1 .374551780 e 0 9 ,
1 .570734760 e 1 4 , 1 . 970258100 e+04,
6 . 344834220 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”IXC4H8” ,
atoms = ”C:4 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 7 . 173015980 e 0 1 , 4 .014346530 e 0 2 ,
2 . 335091250 e 0 5 , 6 .925719930 e 0 9 ,
8 . 390357340 e 1 3 ,
3 . 723723970 e+03, 2 .014151640 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 545190550 e+00, 3 .139159120 e 0 2 ,
1 . 349179540 e 0 5 , 2 .151552280 e 0 9 ,
0 .000000000 e+00, 4 . 436313460 e+03,
5 .811097390 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”NXC5H10” ,
atoms = ”C:5 H:10 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 00 . 0 ] , [ 6 . 8 9 5 5 1 9640 e 0 1 , 5 .466383480 e 0 2 ,
3 . 339106110 e 0 5 , 1 .037514530 e 0 8 ,
1 . 306208820 e 1 2 ,
5 . 970635040 e+03, 3 .038535410 e+01] ) ,
NASA( [ 1 0 00 . 0 , 5 0 00 . 0 ] , [ 3 . 710359070 e+00, 4 .104546370 e 0 2 ,
1 . 804784330 e 0 5 , 2 .944178670 e 0 9 ,
0 .000000000 e+00, 7 . 079266600 e+03,
8 .089044230 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
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#
# Reaction Data
#
# Reaction 1
th r e e body r ea c t i on ( ”H2 + M <=> 2 H + M” , [ 1 . 11500E+14, 0 . 0 , 96081 . 02 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 5 ” )
# Reaction 2
f a l l o f f r e a c t i o n ( ”2 CH3 (+M) <=> C2H6 (+M) ” ,
k f = [2 . 50000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [2 . 33000E+34, 5 . 0 3 , 1 2 0 0 . 0 5 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .38 , T3 = 73 .0 , T1 = 1180 .0 , T2 = 0 . 0 ) )
# Reaction 3
r e a c t i on ( ”2 CH3 <=> C2H5 + H” , [ 1 . 40000E+14, 0 . 0 , 1 4 000 . 0 ] )
# Reaction 4
f a l l o f f r e a c t i o n ( ”CH3 + H (+M) <=> CH4 (+M) ” ,
k f = [1 . 20000E+15, 0 . 4 , 0 . 0 ] ,
k f0 = [6 . 40000E+23, 1 . 8 , 0 . 0 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 1 . 0 , T1 = 10000000 .0 , T2 = 10000000 .0) )
# Reaction 5
r e a c t i on ( ”2 CH3 => C2H4 + H2” , [ 5 . 00000E+14, 0 . 0 , 3 2 000 . 0 ] )
# Reaction 6
r e a c t i on ( ”CH3 + CH4 => C2H6 + H” , [ 2 . 50000E+13, 0 . 0 , 3 1 000 . 0 ] )
# Reaction 7
r e a c t i on ( ”CH4 + H <=> CH3 + H2” , [ 3 . 00000E+07, 2 . 0 , 1 0 000 . 0 ] )
# Reaction 8
f a l l o f f r e a c t i o n ( ”C2H2 + H (+M) <=> C2H3 (+M) ” ,
k f = [1 . 00000E+13, 0 . 0 , 2 770 . 0 8 ] ,
k f0 = [3 . 90000E+16, 0 . 0 , 5 5 9 . 9 9 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 1 . 0 , T1 = 10000000 .0 , T2 = 10000000 .0) )
# Reaction 9
r e a c t i on ( ”2 C2H3 <=> C4H6” , [ 1 . 00000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 10
r e a c t i on ( ”C2H3 + CH3 <=> CH2CHCH2 + H” , [ 5 . 00000E+01, 3 . 7 , 5 6 7 7 . 1 ] )
# Reaction 11
f a l l o f f r e a c t i o n ( ”C2H3 + CH3 (+M) <=> C3H6 (+M) ” ,
k f = [2 . 50000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [4 . 27000E+58, 1 1 . 9 4 , 9 770 . 0 8 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .175 , T3 = 1341 .0 , T1 = 60000 .0 , T2 = 10140 . 0 ) )
# Reaction 12
r e a c t i on ( ”C2H3 + H2 => C2H4 + H” , [ 9 . 49600E+05, 2 . 0 , 8 4 59 . 8 5 ] )
# Reaction 13
f a l l o f f r e a c t i o n ( ”C2H3 + H (+M) <=> C2H4 (+M) ” ,
k f = [6 . 08000E+12, 0 . 27 , 2 8 0 . 1 1 ] ,
k f0 = [1 . 40000E+30, 3 . 8 6 , 3 320 . 0 3 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .782 , T3 = 207.49999999999997 , T1 = 2663 . 0 , T2 = 6095 .0 ) )
# Reaction 14
r e a c t i on ( ”C2H3 + H <=> C2H2 + H2” , [ 3 . 00000E+13, 0 . 0 , 0 . 0 ] )
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# Reaction 15
r e a c t i on ( ”C2H3 + CH3 <=> C2H2 + CH4” , [ 1 . 33300E+13, 0 . 0 , 0 . 0 ] )
# Reaction 16
r e a c t i on ( ”C2H3 + CH4 => C2H4 + CH3” , [ 4 . 74800E+05, 2 . 0 , 1 1093 . 69 ] )
# Reaction 17
r e a c t i on ( ”C2H2 + C2H4 <=> 2 C2H3” , [ 2 . 40000E+13, 0 . 0 , 6 8359 . 94 ] )
# Reaction 18
r e a c t i on ( ”C2H4 + H2 <=> C2H5 + H” , [ 1 . 00000E+14, 0 . 0 , 6 5 000 . 0 ] )
# Reaction 19
r e a c t i on ( ”C2H4 + H => C2H3 + H2” , [ 1 . 92500E+07, 2 . 0 , 1 0409 . 66 ] )
# Reaction 20
r e a c t i on ( ”C2H4 + CH3 => C2H3 + CH4” , [ 3 . 12200E+05, 2 . 0 , 1 1393 . 64 ] )
# Reaction 21
f a l l o f f r e a c t i o n ( ”C2H4 + H (+M) <=> C2H5 (+M) ” ,
k f = [1 . 77000E+13, 0 . 0 , 2 109 . 9 4 ] ,
k f0 = [4 . 60000E+18, 0 . 0 , 1 070 . 0 3 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 0 . 0 , T1 = 95 .0 , T2 = 200 .0 ) )
# Reaction 22
r e a c t i on ( ”C2H2 + C2H4 <=> C4H6” , [ 5 . 00000E+10, 0 . 0 , 2 8 000 . 0 ] )
# Reaction 23
r e a c t i on ( ”C2H4 + CH4 => C2H5 + CH3” , [ 3 . 00000E+13, 0 . 0 , 6 2 000 . 0 ] )
# Reaction 24
f a l l o f f r e a c t i o n ( ”C2H4 (+M) <=> C2H2 + H2 (+M) ” ,
k f = [8 . 00000E+12, 0 . 44 , 88770 . 08 ] ,
k f0 = [1 . 58000E+51, 9 . 3 , 97799 .95000000001 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0.7345 , T3 = 180 .0 , T1 = 1035 .0 , T2 = 5417 .0 ) )
# Reaction 25
r e a c t i on ( ”2 C2H4 <=> NXC4H8” , [ 1 . 00000E+10, 0 . 0 , 4 0 000 . 0 ] )
# Reaction 26
r e a c t i on ( ”2 C2H4 <=> C2H3 + C2H5” , [ 4 . 80000E+14, 0 . 0 , 7 1 500 . 0 ] )
# Reaction 27
r e a c t i on ( ”C2H5 + CH4 => C2H6 + CH3” , [ 1 . 60900E+05, 2 . 0 , 1 4621 . 89 ] )
# Reaction 28
f a l l o f f r e a c t i o n ( ”C2H3 + C2H5 (+M) <=> NXC4H8 (+M) ” ,
k f = [1 . 50000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [1 . 55000E+56, 1 1 . 7 9 , 8 983 . 9 9 ] ,
e f f i c i e n c i e s = ”” ,
f a l l o f f = Troe (A = 0 .198 , T3 = 2278 .0 , T1 = 60000 .0 , T2 = 5723 .0 ) )
# Reaction 29
f a l l o f f r e a c t i o n ( ”C2H5 + H (+M) <=> C2H6 (+M) ” ,
k f = [5 . 21000E+17, 0 . 9 9 , 1 580 . 0 7 ] ,
k f0 = [1 . 99000E+41, 7 . 0 8 , 6 684 . 9 9 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 ” ,
f a l l o f f = Troe (A = 0.8422 , T3 = 125 .0 , T1 = 2219 .0 , T2 = 6882 .0 ) )
# Reaction 30
f a l l o f f r e a c t i o n ( ”C2H5 + CH3 (+M) <=> C3H8 (+M) ” ,
k f = [9 . 60000E+14, 0 . 5 , 0 . 0 ] ,
k f0 = [6 . 80000E+61, 1 3 . 4 2 , 6 0 00 . 0 ] ,
e f f i c i e n c i e s = ”” ,
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f a l l o f f = Troe (A = 1 . 0 , T3 = 1000 .0 , T1 = 1434 .0 , T2 = 5329 .0 ) )
# Reaction 31
r e a c t i on ( ”C2H3 + C2H5 => NXC4H8” , [ 9 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 32
r e a c t i on ( ”C2H4 + C2H5 => C2H3 + C2H6” , [ 1 . 83900E+05, 2 . 0 , 1 4929 . 25 ] )
# Reaction 33
r e a c t i on ( ”C2H3 + C2H6 => C2H4 + C2H5” , [ 6 . 10500E+05, 2 . 0 , 7 6 2 9 . 3 ] )
# Reaction 34
r e a c t i on ( ”C2H2 + C2H6 <=> C2H3 + C2H5” , [ 2 . 00000E+14, 0 . 0 , 6 0 000 . 0 ] )
# Reaction 35
r e a c t i on ( ”C2H6 + H <=> C2H5 + H2” , [ 1 . 43000E+14, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 36
r e a c t i on ( ”C2H6 <=> C2H4 + H2” , [ 3 . 00000E+13, 0 . 0 , 7 1 000 . 0 ] )
# Reaction 37
r e a c t i on ( ”C2H6 + CH3 => C2H5 + CH4” , [ 3 . 51300E+05, 2 . 0 , 7 6 21 . 8 9 ] )
# Reaction 38
f a l l o f f r e a c t i o n ( ”AXC3H4 + H (+M) <=> CH2CHCH2 (+M) ” ,
k f = [1 . 20000E+11, 0 . 69 , 3 006 . 9 3 ] ,
k f0 = [5 . 66000E+33, 5 . 0 , 4 4 47 . 9 ] ,
e f f i c i e n c i e s = ”” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 1 . 0 , T1 = 10000000 .0 , T2 = 10000000 .0) )
# Reaction 39
r e a c t i on ( ”CH2CHCH2 + CH4 => C3H6 + CH3” , [ 1 . 68500E+05, 2 . 0 , 2 3467 . 2 6 ] )
# Reaction 40
r e a c t i on ( ”CH2CHCH2 + H <=> AXC3H4 + H2” , [ 1 . 81000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 41
r e a c t i on ( ”C2H6 + CH2CHCH2 => C2H5 + C3H6” , [ 2 . 16600E+05, 2 . 0 , 1 8508 . 13 ] )
# Reaction 42
r e a c t i on ( ”2 CH2CHCH2 => AXC3H4 + C3H6” , [ 2 . 50000E+10, 0 . 0 , 1 5 0 0 . 0 ] )
# Reaction 43
r e a c t i on ( ”C2H4 + CH2CHCH2 => C2H3 + C3H6” , [ 1 . 92500E+05, 2 . 0 , 2 3823 . 37 ] )
# Reaction 44
f a l l o f f r e a c t i o n ( ”CH2CHCH2 + H (+M) <=> C3H6 (+M) ” ,
k f = [1 . 00000E+14, 0 . 0 , 0 . 0 ] ,
k f0 = [1 . 33000E+60, 1 2 . 0 , 5 967 . 9 7 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .02 , T3 = 1097 .0 , T1 = 10970 .0 , T2 = 6860 .0 ) )
# Reaction 45
r e a c t i on ( ”C2H4 + CHCHCH3 => C4H6 + CH3” , [ 2 . 00000E+11, 0 . 0 , 6 0 0 0 . 0 ] )
# Reaction 46
r e a c t i on ( ”C2H6 + CHCHCH3 => C2H5 + C3H6” , [ 2 . 43000E+05, 2 . 0 , 7 3 21 . 9 4 ] )
# Reaction 47
r e a c t i on ( ”CHCHCH3 <=> C2H2 + CH3” , [ 2 . 00000E+13, 0 . 0 , 3 8 000 . 0 ] )
# Reaction 48
r e a c t i on ( ”C2H4 + CHCHCH3 => C2H3 + C3H6” , [ 2 . 16000E+05, 2 . 0 , 1 1057 . 84 ] )
# Reaction 49
r e a c t i on ( ”CH4 + CHCHCH3 => C3H6 + CH3” , [ 1 . 89000E+05, 2 . 0 , 1 0776 . 0 5 ] )
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# Reaction 50
r e a c t i on ( ”CHCHCH3 + H2 => C3H6 + H” , [ 3 . 78000E+05, 2 . 0 , 8172 .5599999999995 ] )
# Reaction 51
r e a c t i on ( ”C2H2 + C3H6 <=> C2H3 + CH2CHCH2” , [ 4 . 00000E+13, 0 . 0 , 4 6799 . 95 ] )
# Reaction 52
r e a c t i on ( ”C2H5 + C3H6 => 0 .5 C2H4 + 0 .5 CH3 + 0 .5 NXC3H7 + 0 .5 NXC4H8” , [ 1 . 80000E+11, 0 . 0 ,
7 5 9 9 . 9 ] )
# Reaction 53
r e a c t i on ( ”C3H6 + H => CHCHCH3 + H2” , [ 1 . 05300E+07, 2 . 0 , 1 0122 . 61 ] )
# Reaction 54
r e a c t i on ( ”C2H3 + C3H6 => C2H4 + CH2CHCH2” , [ 2 . 03500E+05, 2 . 0 , 5 6 73 . 2 8 ] )
# Reaction 55
r e a c t i on ( ”C3H6 <=> AXC3H4 + H2” , [ 1 . 80000E+13, 0 . 0 , 7 8 000 . 0 ] )
# Reaction 56
r e a c t i on ( ”C2H5 + C3H6 => C2H6 + CH2CHCH2” , [ 6 . 89500E+04, 2 . 0 , 7 6 57 . 9 8 ] )
# Reaction 57
r e a c t i on ( ”C2H5 + C3H6 => C2H6 + CHCHCH3” , [ 1 . 00600E+05, 2 . 0 , 1 4621 . 89 ] )
# Reaction 58
r e a c t i on ( ”C3H6 + CH3 => CH2CHCH2 + CH4” , [ 1 . 17100E+05, 2 . 0 , 5 6 17 . 3 5 ] )
# Reaction 59
r e a c t i on ( ”C3H6 + H <=> CH2CHCH2 + H2” , [ 1 . 00000E+07, 2 . 0 , 4 2 00 . 0 5 ] )
# Reaction 60
r e a c t i on ( ”C3H6 + CH2CHCH2 => C3H6 + CHCHCH3” , [ 1 . 05300E+05, 2 . 0 , 2 3490 . 68 ] )
# Reaction 61
r e a c t i on ( ”C3H6 + CH3 => CH4 + CHCHCH3” , [ 1 . 70800E+05, 2 . 0 , 1 1 076 . 0 ] )
# Reaction 62
r e a c t i on ( ”C2H3 + C3H6 => C2H4 + CHCHCH3” , [ 2 . 96700E+05, 2 . 0 , 1 1057 . 84 ] )
# Reaction 63
r e a c t i on ( ”C3H6 + CHCHCH3 => C3H6 + CH2CHCH2” , [ 8 . 10100E+04, 2 . 0 , 5 3 40 . 5 8 ] )
# Reaction 64
r e a c t i on ( ”C2H4 + C3H6 <=> C2H5 + CH2CHCH2” , [ 5 . 78000E+13, 0 . 0 , 5 1 599 . 9 ] )
# Reaction 65
r e a c t i on ( ”2 C3H6 <=> C2H4 + NXC4H8” , [ 3 . 00000E+11, 0 . 0 , 4 2 500 . 0 ] )
# Reaction 66
r e a c t i on ( ”C3H6 + NXC3H7 => C3H8 + CH2CHCH2” , [ 4 . 06000E+04, 2 . 0 , 6 6 32 . 4 1 ] )
# Reaction 67
r e a c t i on ( ”C3H6 + NXC3H7 => C3H8 + CHCHCH3” , [ 5 . 92100E+04, 2 . 0 , 1 3415 . 63 ] )
# Reaction 68
r e a c t i on ( ”C2H4 + NXC3H7 => C2H3 + C3H8” , [ 1 . 08300E+05, 2 . 0 , 1 3714 . 87 ] )
# Reaction 69
r e a c t i on ( ”CH4 + NXC3H7 => C3H8 + CH3” , [ 9 . 47300E+04, 2 . 0 , 1 3415 . 63 ] )
# Reaction 70
r e a c t i on ( ”H + NXC3H7 <=> C3H8” , [ 5 . 00000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 71
r e a c t i on ( ”NXC3H7 <=> C3H6 + H” , [ 1 . 00000E+13, 0 . 0 , 3 9 500 . 0 ] )
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# Reaction 72
r e a c t i on ( ”C2H4 + NXC3H7 => C2H5 + C3H6” , [ 2 . 00000E+11, 0 . 0 , 7 5 9 9 . 9 ] )
# Reaction 73
r e a c t i on ( ”NXC3H7 <=> C2H4 + CH3” , [ 1 . 00000E+13, 0 . 0 , 3 2 000 . 0 ] )
# Reaction 74
r e a c t i on ( ”C2H6 + NXC3H7 => C2H5 + C3H8” , [ 1 . 21800E+05, 2 . 0 , 9 4 25 . 6 7 ] )
# Reaction 75
r e a c t i on ( ”CH3 + IXC3H7 => C3H6 + CH4” , [ 6 . 00000E+10, 0 . 0 , 0 . 0 ] )
# Reaction 76
r e a c t i on ( ”C2H4 + IXC3H7 => C2H3 + C3H8” , [ 1 . 08300E+05, 2 . 0 , 1 6 174 . 0 ] )
# Reaction 77
r e a c t i on ( ”C2H6 + IXC3H7 => C2H5 + C3H8” , [ 1 . 21800E+05, 2 . 0 , 1 1458 . 17 ] )
# Reaction 78
r e a c t i on ( ”C3H6 + IXC3H7 => C3H8 + CH2CHCH2” , [ 4 . 06000E+04, 2 . 0 , 8 0 71 . 4 6 ] )
# Reaction 79
r e a c t i on ( ”C3H6 + IXC3H7 => C3H6 + NXC3H7” , [ 5 . 00000E+10, 0 . 0 , 7 5 9 9 . 9 ] )
# Reaction 80
r e a c t i on ( ”IXC3H7 <=> C3H6 + H” , [ 5 . 00000E+13, 0 . 0 , 4 1 000 . 0 ] )
# Reaction 81
r e a c t i on ( ”C2H5 + IXC3H7 => C2H4 + C3H8” , [ 5 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 82
r e a c t i on ( ”C2H4 + IXC3H7 => 0 .8 C2H5 + 0 .8 C3H6 + 0 .2 CH3 + 0 .2 NXC4H8” , [ 1 . 00000E+11, 0 . 0 ,
7 5 9 9 . 9 ] )
# Reaction 83
r e a c t i on ( ”C3H6 + IXC3H7 => C3H8 + CHCHCH3” , [ 5 . 92100E+04, 2 . 0 , 1 5883 . 13 ] )
# Reaction 84
r e a c t i on ( ”CH4 + IXC3H7 => C3H8 + CH3” , [ 9 . 47300E+04, 2 . 0 , 1 5 859 . 7 ] )
# Reaction 85
r e a c t i on ( ”IXC3H7 <=> NXC3H7” , [ 2 . 00000E+12, 0 . 0 , 4 2 000 . 0 ] )
# Reaction 86
f a l l o f f r e a c t i o n ( ”H + IXC3H7 (+M) <=> C3H8 (+M) ” ,
k f = [2 . 40000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [1 . 70000E+58, 1 2 . 0 8 , 11260 . 04 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .649 , T3 = 1213 .0 , T1 = 1213 .0 , T2 = 13370 .0 ) )
# Reaction 87
r e a c t i on ( ”C3H8 + IXC3H7 => C3H8 + NXC3H7” , [ 1 . 08300E+05, 2 . 0 , 1 1 532 . 5 ] )
# Reaction 88
r e a c t i on ( ”C3H8 + CHCHCH3 => C3H6 + NXC3H7” , [ 2 . 16000E+05, 2 . 0 , 7 2 15 . 5 8 ] )
# Reaction 89
r e a c t i on ( ”C3H8 + CHCHCH3 => C3H6 + IXC3H7” , [ 5 . 40100E+04, 2 . 0 , 4 7 82 . 9 8 ] )
# Reaction 90
r e a c t i on ( ”C3H8 + CH2CHCH2 => C3H6 + IXC3H7” , [ 4 . 81300E+04, 2 . 0 , 1 5121 . 4 1 ] )
# Reaction 91
r e a c t i on ( ”C3H8 + CH3 => CH4 + NXC3H7” , [ 3 . 12200E+05, 2 . 0 , 7 5 15 . 7 7 ] )
# Reaction 92
r e a c t i on ( ”C3H8 + CH3 => CH4 + IXC3H7” , [ 7 . 80600E+04, 2 . 0 , 5 0 59 . 7 5 ] )
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# Reaction 93
r e a c t i on ( ”C3H8 + H <=> H2 + NXC3H7” , [ 1 . 27000E+14, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 94
r e a c t i on ( ”C2H5 + C3H8 => C2H6 + IXC3H7” , [ 4 . 59700E+04, 2 . 0 , 7 6 57 . 9 8 ] )
# Reaction 95
r e a c t i on ( ”C3H8 <=> C3H6 + H2” , [ 5 . 00000E+13, 0 . 0 , 7 0 000 . 0 ] )
# Reaction 96
r e a c t i on ( ”C2H5 + C3H8 => C2H6 + NXC3H7” , [ 1 . 83900E+05, 2 . 0 , 1 0525 . 57 ] )
# Reaction 97
r e a c t i on ( ”C3H8 + CH2CHCH2 => C3H6 + NXC3H7” , [ 1 . 92500E+05, 2 . 0 , 1 8582 . 46 ] )
# Reaction 98
r e a c t i on ( ”C3H8 + NXC3H7 => C3H8 + IXC3H7” , [ 2 . 70700E+04, 2 . 0 , 6 6 32 . 4 1 ] )
# Reaction 99
r e a c t i on ( ”C2H3 + C3H8 => C2H4 + NXC3H7” , [ 5 . 42600E+05, 2 . 0 , 7 5 14 . 8 2 ] )
# Reaction 100
r e a c t i on ( ”C3H8 + H <=> H2 + IXC3H7” , [ 3 . 20000E+13, 0 . 0 , 7 9 0 0 . 1 ] )
# Reaction 101
r e a c t i on ( ”C2H3 + C3H8 => C2H4 + IXC3H7” , [ 1 . 35700E+05, 2 . 0 , 5 0 73 . 8 5 ] )
# Reaction 102
r e a c t i on ( ”C2H5 + C4H6 => C2H4 + SXC4H7” , [ 1 . 00000E+10, 0 . 0 , 5 0 0 0 . 0 ] )
# Reaction 103
r e a c t i on ( ”C4H6 + CH3 => C2H4 + CH2CHCH2” , [ 1 . 00000E+11, 0 . 0 , 7 5 9 9 . 9 ] )
# Reaction 104
r e a c t i on ( ”CH2CHCH2 + SXC4H7 => C3H6 + C4H6” , [ 7 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 105
r e a c t i on ( ”C3H6 + SXC4H7 => CH2CHCH2 + NXC4H8” , [ 1 . 02000E+05, 2 . 0 , 1 4731 . 12 ] )
# Reaction 106
r e a c t i on ( ”C3H8 + SXC4H7 => NXC3H7 + NXC4H8” , [ 2 . 72000E+05, 2 . 0 , 1 8582 . 46 ] )
# Reaction 107
r e a c t i on ( ”C3H8 + SXC4H7 => IXC3H7 + NXC4H8” , [ 6 . 79900E+04, 2 . 0 , 1 5121 . 41 ] )
# Reaction 108
f a l l o f f r e a c t i o n ( ”H + SXC4H7 (+M) <=> NXC4H8 (+M) ” ,
k f = [5 . 00000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [1 . 33000E+60, 1 2 . 0 , 5 967 . 9 7 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .02 , T3 = 1097 .0 , T1 = 10970 .0 , T2 = 6860 .0 ) )
# Reaction 109
r e a c t i on ( ”C3H6 + SXC4H7 => CHCHCH3 + NXC4H8” , [ 1 . 48700E+05, 2 . 0 , 2 3490 . 68 ] )
# Reaction 110
r e a c t i on ( ”C2H4 + SXC4H7 => 0 .15 C2H5 + 0.85 C3H6 + 0.15 C4H6 + 0.85 CH2CHCH2” , [ 2 . 00000E
+11, 0 . 0 , 1 3 000 . 0 ] )
# Reaction 111
r e a c t i on ( ”2 SXC4H7 => C4H6 + NXC4H8” , [ 7 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 112
r e a c t i on ( ”C2H6 + SXC4H7 => C2H5 + NXC4H8” , [ 3 . 06000E+05, 2 . 0 , 1 8508 . 13 ] )
# Reaction 113
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r e a c t i on ( ”CH4 + SXC4H7 => CH3 + NXC4H8” , [ 2 . 38000E+05, 2 . 0 , 2 3467 . 26 ] )
# Reaction 114
r e a c t i on ( ”C2H5 + SXC4H7 => C2H6 + C4H6” , [ 1 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 115
r e a c t i on ( ”C2H4 + SXC4H7 => C2H3 + NXC4H8” , [ 2 . 72000E+05, 2 . 0 , 2 3823 . 37 ] )
# Reaction 116
r e a c t i on ( ”H2 + SXC4H7 => H + NXC4H8” , [ 4 . 75900E+05, 2 . 0 , 2 0402 . 25 ] )
# Reaction 117
r e a c t i on ( ”C2H3 + SXC4H7 => C2H4 + C4H6” , [ 2 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 118
r e a c t i on ( ”SXC4H7 <=> C4H6 + H” , [ 2 . 00000E+14, 0 . 0 , 5 1 000 . 0 ] )
# Reaction 119
r e a c t i on ( ”CH3 + NXC4H8 => CH4 + SXC4H7” , [ 1 . 95200E+05, 2 . 0 , 5 6 17 . 3 5 ] )
# Reaction 120
r e a c t i on ( ”CH2CHCH2 + NXC4H8 => C3H6 + SXC4H7” , [ 1 . 20300E+05, 2 . 0 , 1 4731 . 12 ] )
# Reaction 121
r e a c t i on ( ”C2H5 + NXC4H8 => 0 .55 C2H4 + 0.45 C3H6 + 0.23 NC4H9P + 0.32 NC4H9S + 0.45 NXC3H7”
, [ 1 . 50000E+11, 0 . 0 , 7 5 9 9 . 9 ] )
# Reaction 122
r e a c t i on ( ”NXC3H7 + NXC4H8 => C3H8 + SXC4H7” , [ 6 . 76700E+04, 2 . 0 , 6 6 32 . 4 1 ] )
# Reaction 123
r e a c t i on ( ”NXC4H8 <=> CH2CHCH2 + CH3” , [ 2 . 00000E+16, 0 . 0 , 7 8 000 . 0 ] )
# Reaction 124
r e a c t i on ( ”C2H3 + NXC4H8 => C2H4 + SXC4H7” , [ 3 . 39100E+05, 2 . 0 , 5 6 73 . 2 8 ] )
# Reaction 125
r e a c t i on ( ”CHCHCH3 + NXC4H8 => C3H6 + SXC4H7” , [ 1 . 35000E+05, 2 . 0 , 5 3 40 . 5 8 ] )
# Reaction 126
r e a c t i on ( ”C2H5 + NXC4H8 => C2H6 + SXC4H7” , [ 1 . 14900E+05, 2 . 0 , 7 6 57 . 9 8 ] )
# Reaction 127
r e a c t i on ( ”NXC4H8 <=> C4H6 + H2” , [ 5 . 00000E+13, 0 . 0 , 7 0 000 . 0 ] )
# Reaction 128
r e a c t i on ( ”IXC3H7 + NXC4H8 => C3H8 + SXC4H7” , [ 6 . 76700E+04, 2 . 0 , 8 0 71 . 4 6 ] )
# Reaction 129
r e a c t i on ( ”H + NXC4H8 => H2 + SXC4H7” , [ 1 . 20300E+07, 2 . 0 , 4 2 02 . 4 4 ] )
# Reaction 130
r e a c t i on ( ”C3H8 + NC4H9P => IXC3H7 + NC4H10” , [ 2 . 70700E+04, 2 . 0 , 6 9 11 . 8 1 ] )
# Reaction 131
r e a c t i on ( ”NC4H9P + NXC4H8 => NC4H10 + SXC4H7” , [ 6 . 76700E+04, 2 . 0 , 6 9 11 . 8 1 ] )
# Reaction 132
r e a c t i on ( ”H + NC4H9P <=> NC4H10” , [ 5 . 00000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 133
r e a c t i on ( ”NC4H9P <=> H + NXC4H8” , [ 1 . 50000E+13, 0 . 0 , 3 8 500 . 0 ] )
# Reaction 134
r e a c t i on ( ”CH4 + NC4H9P => CH3 + NC4H10” , [ 9 . 47300E+04, 2 . 0 , 1 3745 . 22 ] )
# Reaction 135
275
A.1. REACTION NETWORK
r e a c t i on ( ”C2H4 + NC4H9P => C3H6 + NXC3H7” , [ 1 . 50000E+11, 0 . 0 , 7 5 9 9 . 9 ] )
# Reaction 136
r e a c t i on ( ”C2H4 + NC4H9P => C2H3 + NC4H10” , [ 1 . 08300E+05, 2 . 0 , 1 4046 . 61 ] )
# Reaction 137
r e a c t i on ( ”NC4H9P <=> C2H4 + C2H5” , [ 2 . 00000E+13, 0 . 0 , 3 0 000 . 0 ] )
# Reaction 138
r e a c t i on ( ”C3H6 + NC4H9P => CH2CHCH2 + NC4H10” , [ 4 . 06000E+04, 2 . 0 , 6 9 11 . 8 1 ] )
# Reaction 139
r e a c t i on ( ”C2H6 + NC4H9P => C2H5 + NC4H10” , [ 1 . 21800E+05, 2 . 0 , 9 7 25 . 6 2 ] )
# Reaction 140
r e a c t i on ( ”NC4H9P <=> NC4H9S” , [ 1 . 00000E+12, 0 . 0 , 3 4 500 . 0 ] )
# Reaction 141
r e a c t i on ( ”C3H6 + NC4H9P => CHCHCH3 + NC4H10” , [ 5 . 92100E+04, 2 . 0 , 1 3745 . 22 ] )
# Reaction 142
r e a c t i on ( ”C3H8 + NC4H9P => NC4H10 + NXC3H7” , [ 1 . 08300E+05, 2 . 0 , 9 7 25 . 6 2 ] )
# Reaction 143
r e a c t i on ( ”C3H8 + NC4H9S => NC4H10 + NXC3H7” , [ 1 . 18700E+05, 2 . 0 , 1 0732 . 55 ] )
# Reaction 144
r e a c t i on ( ”NC4H9S <=> H + NXC4H8” , [ 3 . 00000E+13, 0 . 0 , 4 0799 . 95 ] )
# Reaction 145
r e a c t i on ( ”C2H4 + NC4H9S => C2H3 + NC4H10” , [ 1 . 18700E+05, 2 . 0 , 1 5295 . 17 ] )
# Reaction 146
r e a c t i on ( ”C2H6 + NC4H9S => C2H5 + NC4H10” , [ 1 . 33600E+05, 2 . 0 , 1 0657 . 98 ] )
# Reaction 147
r e a c t i on ( ”NC4H9S + NXC4H8 => NC4H10 + SXC4H7” , [ 7 . 42000E+04, 2 . 0 , 7 3 22 . 6 6 ] )
# Reaction 148
r e a c t i on ( ”C3H6 + NC4H9S => CHCHCH3 + NC4H10” , [ 6 . 49200E+04, 2 . 0 , 1 5 009 . 8 ] )
# Reaction 149
r e a c t i on ( ”C3H8 + NC4H9S => IXC3H7 + NC4H10” , [ 2 . 96800E+04, 2 . 0 , 7 7 12 . 9 5 ] )
# Reaction 150
r e a c t i on ( ”C3H6 + NC4H9S => CH2CHCH2 + NC4H10” , [ 4 . 45200E+04, 2 . 0 , 7 3 22 . 6 6 ] )
# Reaction 151
r e a c t i on ( ”NC4H9S <=> C3H6 + CH3” , [ 2 . 50000E+13, 0 . 0 , 3 2 500 . 0 ] )
# Reaction 152
r e a c t i on ( ”CH4 + NC4H9S => CH3 + NC4H10” , [ 1 . 03900E+05, 2 . 0 , 1 4986 . 38 ] )
# Reaction 153
r e a c t i on ( ”H + NC4H9S <=> NC4H10” , [ 5 . 00000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 154
r e a c t i on ( ”C3H6 + IC4H9P => CH2CHCH2 + IXC4H10” , [ 3 . 78900E+04, 2 . 0 , 7 0 05 . 0 2 ] )
# Reaction 155
r e a c t i on ( ”C3H8 + IC4H9P => IXC4H10 + NXC3H7” , [ 1 . 01000E+05, 2 . 0 , 9 8 25 . 5 3 ] )
# Reaction 156
r e a c t i on ( ”IC4H9P <=> H + IXC4H8” , [ 3 . 00000E+13, 0 . 0 , 3 7 000 . 0 ] )
# Reaction 157
r e a c t i on ( ”C3H6 + IC4H9P => CHCHCH3 + IXC4H10” , [ 5 . 52600E+04, 2 . 0 , 1 3854 . 92 ] )
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# Reaction 158
r e a c t i on ( ”IC4H9P <=> C3H6 + CH3” , [ 4 . 00000E+13, 0 . 0 , 3 2 000 . 0 ] )
# Reaction 159
r e a c t i on ( ”C2H6 + IC4H9P => C2H5 + IXC4H10” , [ 1 . 13700E+05, 2 . 0 , 9 8 25 . 5 3 ] )
# Reaction 160
r e a c t i on ( ”C2H4 + IC4H9P => C2H3 + IXC4H10” , [ 1 . 01000E+05, 2 . 0 , 1 4157 . 27 ] )
# Reaction 161
r e a c t i on ( ”C3H8 + IC4H9P => IXC3H7 + IXC4H10” , [ 2 . 52600E+04, 2 . 0 , 7 0 05 . 0 2 ] )
# Reaction 162
r e a c t i on ( ”CH4 + IC4H9P => CH3 + IXC4H10” , [ 8 . 84100E+04, 2 . 0 , 1 3854 . 92 ] )
# Reaction 163
r e a c t i on ( ”H + IC4H9P <=> IXC4H10” , [ 5 . 00000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 164
r e a c t i on ( ”IC4H9P + NXC4H8 => IXC4H10 + SXC4H7” , [ 6 . 31500E+04, 2 . 0 , 7 0 05 . 0 2 ] )
# Reaction 165
r e a c t i on ( ”C2H3 + NC4H10 => C2H4 + NC4H9P” , [ 4 . 07000E+05, 2 . 0 , 7 5 46 . 6 1 ] )
# Reaction 166
r e a c t i on ( ”CH2CHCH2 + NC4H10 => C3H6 + NC4H9S” , [ 9 . 62700E+04, 2 . 0 , 1 5 172 . 8 ] )
# Reaction 167
r e a c t i on ( ”C2H5 + NC4H10 => C2H6 + NC4H9P” , [ 1 . 37900E+05, 2 . 0 , 1 0525 . 57 ] )
# Reaction 168
r e a c t i on ( ”NC4H10 + NC4H9S => NC4H10 + NC4H9P” , [ 8 . 90400E+04, 2 . 0 , 1 0711 . 76 ] )
# Reaction 169
r e a c t i on ( ”NC4H10 <=> H2 + NXC4H8” , [ 5 . 00000E+13, 0 . 0 , 7 1 000 . 0 ] )
# Reaction 170
r e a c t i on ( ”NC4H10 + SXC4H7 => NC4H9P + NXC4H8” , [ 2 . 04000E+05, 2 . 0 , 1 8 561 . 9 ] )
# Reaction 171
r e a c t i on ( ”CHCHCH3 + NC4H10 => C3H6 + NC4H9S” , [ 1 . 08000E+05, 2 . 0 , 4 7 09 . 8 5 ] )
# Reaction 172
r e a c t i on ( ”IC4H9P + NC4H10 => IXC4H10 + NC4H9S” , [ 5 . 05200E+04, 2 . 0 , 7 0 05 . 0 2 ] )
# Reaction 173
r e a c t i on ( ”IXC3H7 + NC4H10 => C3H8 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 8 5 12 . 9 1 ] )
# Reaction 174
r e a c t i on ( ”H + NC4H10 <=> H2 + NC4H9P” , [ 9 . 50000E+13, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 175
r e a c t i on ( ”NC4H10 + SXC4H7 => NC4H9S + NXC4H8” , [ 1 . 36000E+05, 2 . 0 , 1 5 172 . 8 ] )
# Reaction 176
r e a c t i on ( ”C2H5 + NC4H10 => C2H6 + NC4H9S” , [ 9 . 19300E+04, 2 . 0 , 7 6 57 . 9 8 ] )
# Reaction 177
r e a c t i on ( ”NC4H10 <=> 2 C2H5” , [ 3 . 00000E+16, 0 . 0 , 8 3 000 . 0 ] )
# Reaction 178
r e a c t i on ( ”CH3 + NC4H10 => CH4 + NC4H9P” , [ 2 . 34200E+05, 2 . 0 , 7 5 45 . 1 7 ] )
# Reaction 179
r e a c t i on ( ”C2H3 + NC4H10 => C2H4 + NC4H9S” , [ 2 . 71300E+05, 2 . 0 , 4 9 94 . 9 8 ] )
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# Reaction 180
r e a c t i on ( ”IC4H9P + NC4H10 => IXC4H10 + NC4H9P” , [ 7 . 57800E+04, 2 . 0 , 9 8 25 . 5 3 ] )
# Reaction 181
r e a c t i on ( ”CH3 + NC4H10 => CH4 + NC4H9S” , [ 1 . 56100E+05, 2 . 0 , 4 9 86 . 3 8 ] )
# Reaction 182
r e a c t i on ( ”NC4H10 + NXC3H7 => C3H8 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 6 6 32 . 4 1 ] )
# Reaction 183
r e a c t i on ( ”IXC3H7 + NC4H10 => C3H8 + NC4H9P” , [ 8 . 12000E+04, 2 . 0 , 1 1511 . 71 ] )
# Reaction 184
r e a c t i on ( ”CHCHCH3 + NC4H10 => C3H6 + NC4H9P” , [ 1 . 62000E+05, 2 . 0 , 7 2 45 . 2 2 ] )
# Reaction 185
r e a c t i on ( ”H + NC4H10 <=> H2 + NC4H9S” , [ 6 . 35000E+13, 0 . 0 , 7 9 0 0 . 1 ] )
# Reaction 186
r e a c t i on ( ”NC4H10 + NC4H9P => NC4H10 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 6 9 11 . 8 1 ] )
# Reaction 187
r e a c t i on ( ”CH2CHCH2 + NC4H10 => C3H6 + NC4H9P” , [ 1 . 44400E+05, 2 . 0 , 1 8 561 . 9 ] )
# Reaction 188
r e a c t i on ( ”NC4H10 + NXC3H7 => C3H8 + NC4H9P” , [ 8 . 12000E+04, 2 . 0 , 9 4 25 . 6 7 ] )
# Reaction 189
r e a c t i on ( ”IXC3H7 + IXC4H10 => C3H8 + IC4H9P” , [ 1 . 21800E+05, 2 . 0 , 1 1505 . 0 2 ] )
# Reaction 190
r e a c t i on ( ”C2H5 + IXC4H10 => C2H6 + IC4H9P” , [ 2 . 06800E+05, 2 . 0 , 1 0525 . 5 7 ] )
# Reaction 191
r e a c t i on ( ”IXC4H10 <=> CH3 + IXC3H7” , [ 1 . 00000E+17, 0 . 0 , 8 5 000 . 0 ] )
# Reaction 192
r e a c t i on ( ”IXC4H10 + NC4H9P => IC4H9P + NC4H10” , [ 1 . 21800E+05, 2 . 0 , 9 7 25 . 6 2 ] )
# Reaction 193
r e a c t i on ( ”IXC4H10 <=> H2 + IXC4H8” , [ 5 . 00000E+13, 0 . 0 , 6 9 000 . 0 ] )
# Reaction 194
r e a c t i on ( ”IXC4H10 + NXC3H7 => C3H8 + IC4H9P” , [ 1 . 21800E+05, 2 . 0 , 9 4 25 . 6 7 ] )
# Reaction 195
r e a c t i on ( ”IXC4H10 + NC4H9S => IC4H9P + NC4H10” , [ 1 . 33600E+05, 2 . 0 , 1 0705 . 07 ] )
# Reaction 196
r e a c t i on ( ”CHCHCH3 + IXC4H10 => C3H6 + IC4H9P” , [ 2 . 43000E+05, 2 . 0 , 7 2 55 . 0 2 ] )
# Reaction 197
r e a c t i on ( ”C2H3 + IXC4H10 => C2H4 + IC4H9P” , [ 6 . 10500E+05, 2 . 0 , 7 5 57 . 1 2 ] )
# Reaction 198
r e a c t i on ( ”CH2CHCH2 + IXC4H10 => C3H6 + IC4H9P” , [ 2 . 16600E+05, 2 . 0 , 1 8554 . 9 7 ] )
# Reaction 199
r e a c t i on ( ”H + IXC4H10 <=> H2 + IC4H9P” , [ 1 . 43000E+14, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 200
r e a c t i on ( ”CH3 + IXC4H10 => CH4 + IC4H9P” , [ 3 . 51300E+05, 2 . 0 , 7 5 54 . 9 7 ] )
# Reaction 201
r e a c t i on ( ”IXC4H10 + SXC4H7 => IC4H9P + NXC4H8” , [ 3 . 06000E+05, 2 . 0 , 1 8554 . 97 ] )
# Reaction 202
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r e a c t i on ( ”NXC5H10 <=> C2H3 + NXC3H7” , [ 1 . 00000E+17, 0 . 0 , 9 5 000 . 0 ] )
# Reaction 203
r e a c t i on ( ”NXC5H10 <=> CH3 + SXC4H7” , [ 5 . 00000E+16, 0 . 0 , 8 0 000 . 0 ] )
# Reaction 204
r e a c t i on ( ”NXC5H10 <=> C2H5 + CH2CHCH2” , [ 1 . 00000E+16, 0 . 0 , 7 2 000 . 0 ] )
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Appendix B
Final reaction network for butane
cracking
All information about the ARC mechanism reduced from a detailed mechanism from Polimi
is given in this section.
B.1 Reaction network
#
# CTI F i l e converted from So lu t i o n Object
#
un i t s ( l ength = ”cm” , time = ” s ” , quant i ty = ”mol” , ac t ene rgy = ” ca l /mol” )
i d e a l g a s (name = ”” ,
e lements = ”H C O” ,
s p e c i e s =””” H2O H2 CH4 C2H2 C2H4 C2H6 AC3H4 C3H6 C3H8 C4H6 NC4H8
NC4H10 CYC5H6 C5H8 NC5H10 C6H6 MCPTD H CH3 C2H3 C2H5 C3H3 CHCHCH3
CH2CHCH2 NC3H7 IC3H7 C4H5 CH2C3H5 SC4H7 NC4H9S NC4H9P
CYC5H5 NC5H9 3 ””” ,
r e a c t i o n s = ” a l l ” ,
t r anspor t = ”Mix” ,
k i n e t i c s = ”GasKinet ics ” ,
i n i t i a l s t a t e = s t a t e ( temperature = 1180 .7 , p r e s su r e= 230000 .0) )
#
# Spec ies data
#
s p e c i e s (name=’H2O’ ,
atoms=’H:2 O: 1 ’ ,
thermo=(NASA( [ 3 0 0 . 0 0 , 1 000 . 0 0 ] ,
[ 4 .03530937E+00, 6 . 8 7559833E 0 4 , 2 .86629214E 0 6 ,
1 . 5 0552360E 0 9 , 2 .55006790E 1 3 , 3 . 0 2783278E+04,
1 . 9 9201641E 0 1 ] ) ,
NASA( [ 1 0 00 . 0 0 , 5 000 . 0 0 ] ,
[ 3 .22569960E+00, 1 .84341062E 0 3 , 2 . 18262597E 0 8 ,
8 . 3 7590985E 1 1 , 0 .00000000E+00, 3 . 0 0759369E+04,
3 .89630344E+00]) ) ,
t r anspor t=ga s t r an spo r t (geom=’ l i n e a r ’ ,
diam=2.605 ,
we l l depth =572.4 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
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)
s p e c i e s (name = ”H2” ,
atoms = ”H:2 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 7 5 0 . 0 ] , [ 3 . 088660030 e+00, 2 .539688410 e 0 3 ,
5 . 729920270 e 0 6 , 5 .717018430 e 0 9 ,
1 . 988659700 e 1 2 ,
9 . 921481240 e+02,
2 . 438234590 e+00] ) ,
NASA( [ 7 5 0 . 0 , 3 5 00 . 0 ] , [ 3 . 731109020 e+00, 8 . 867062140 e 0 4 ,
1 .122868970 e 0 6 , 3 . 743497820 e 1 0 ,
4 .179636740 e 1 4 , 1 . 088515470 e+03,
5 . 352858550 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 2.9200000000000004 ,
we l l depth = 38 .0 ,
po la r = 0.7900000000000001 ,
r o t r e l a x = 280 .0 )
)
s p e c i e s (name = ”CH4” ,
atoms = ”C:1 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 70 . 0 ] , [ 2 . 857653130 e+00, 2 .535711000 e 0 3 ,
9 .679163460 e 0 6 , 8 . 698808700 e 0 9 ,
2 .255997700 e 1 2 , 1 . 003579040 e+04,
4 .989693920 e+00] ) ,
NASA( [ 1 0 70 . 0 , 3 5 00 . 0 ] , [ 2 . 8 2 3 2 1 4160 e 0 1 , 1 .427393360 e 0 2 ,
6 . 776288770 e 0 6 , 1 .553809510 e 0 9 ,
1 . 394738410 e 1 3 ,
9 . 363835840 e+03, 2 .035070240 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 3.7460000000000004 ,
we l l depth = 141 .4 ,
po la r = 2 . 6 ,
r o t r e l a x = 13 . 0 )
)
s p e c i e s (name = ”C2H2” ,
atoms = ”C:2 H:2 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 9 7 0 . 0 ] , [ 1 . 838121590 e+00, 1 .645339250 e 0 2 ,
1 . 934080050 e 0 5 , 1 .240680470 e 0 8 ,
3 . 146273910 e 1 2 , 2 .614250430 e+04,
9 .542392520 e+00] ) ,
NASA( [ 9 7 0 . 0 , 3 5 00 . 0 ] , [ 4 . 611936120 e+00, 5 .014982040 e 0 3 ,
1 . 652536940 e 0 6 , 2 .499225320 e 1 0 ,
1 . 305686360 e 1 4 , 2 .560438430 e+04,
3 . 755170960 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .1 ,
we l l depth = 209 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 2 . 5 )
)
s p e c i e s (name = ”C2H4” ,
atoms = ”C:2 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 2 . 661616970 e 0 1 , 1 .942723280 e 0 2 ,
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1 . 145411580 e 0 5 , 3 .496910540 e 0 9 ,
4 . 392282670 e 1 3 , 5 .453991230 e+03,
1 .952643290 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 4 . 493336720 e+00, 1 .003351050 e 0 2 ,
3 . 626013880 e 0 6 , 5 .976135410 e 1 0 ,
3 . 654812790 e 1 4 , 3 .932208220 e+03,
3 . 351920200 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 3.971 ,
we l l depth = 280 .8 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 5 )
)
s p e c i e s (name = ”C2H6” ,
atoms = ”C:2 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 2 . 7 4 4 6 1 3090 e 0 1 , 2 .564224300 e 0 2 ,
1 . 447205860 e 0 5 , 4 .305551640 e 0 9 ,
5 . 307404250 e 1 3 ,
1 . 104643600 e+04, 2 .204527750 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 4 . 393735030 e+00, 1 .526847340 e 0 2 ,
5 . 827250510 e 0 6 , 1 .103770880 e 0 9 ,
8 . 604865370 e 1 4 ,
1 . 272698660 e+04,
3 . 219974950 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 4.302 ,
we l l depth = 252 .3 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 5 )
)
s p e c i e s (name = ”AC3H4” ,
atoms = ”C:3 H:4 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 1 . 215629180 e+00, 2 .356250080 e 0 2 ,
1 . 473409440 e 0 5 , 4 .685704040 e 0 9 ,
5 . 995707040 e 1 3 , 2 .266744130 e+04,
1 .580665780 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 6 . 644302380 e+00, 1 .149878250 e 0 2 ,
4 . 680995850 e 0 6 , 9 .623342220 e 1 0 ,
8 . 243600650 e 1 4 , 2 .071311890 e+04,
1 . 357445410 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 4 .76 ,
we l l depth = 252.00000000000003 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C3H6” ,
atoms = ”C:3 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 2 . 6 1 8 8 6 7610 e 0 1 , 3 .207045670 e 0 2 ,
2 . 027236020 e 0 5 , 6 .669560860 e 0 9 ,
8 . 903079690 e 1 3 , 1 .261570990 e+03,
2 .371622830 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 9 . 215491950 e+00, 1 .100961510 e 0 2 ,
2 . 721658870 e 0 6 , 1 .693011200 e 1 0 ,
1 .250588390 e 1 4 , 2 . 150285350 e+03,
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2 . 757732240 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .14 ,
we l l depth = 307 .8 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C3H8” ,
atoms = ”C:3 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 1 . 2 5 5 1 2 7250 e+00, 4 .049835330 e 0 2 ,
2 . 563400990 e 0 5 , 8 .450781530 e 0 9 ,
1 . 130460940 e 1 2 ,
1 . 372715550 e+04, 2 .861893660 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 085963640 e+01, 1 .357665630 e 0 2 ,
3 . 199262480 e 0 6 , 1 .416158010 e 1 0 ,
2 .358985620 e 1 4 , 1 . 808847040 e+04,
3 . 694869140 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C4H6” ,
atoms = ”C:4 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 5 50 . 0 ] , [ 1 . 0 4 5 3 3 8570 e+00, 4 .248949280 e 0 2 ,
3 . 125575100 e 0 5 , 1 .200018400 e 0 8 ,
1 . 858708180 e 1 2 , 1 .191862750 e+04,
2 .798398060 e+01] ) ,
NASA( [ 1 5 50 . 0 , 3 5 00 . 0 ] , [ 9 . 553953450 e+00, 1 .513648110 e 0 2 ,
4 . 785094570 e 0 6 , 6 .149553740 e 1 0 ,
2 . 238099380 e 1 4 , 8 .632846930 e+03,
2 . 779666850 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5 .18 ,
we l l depth = 357 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC4H8” ,
atoms = ”C:4 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 1 70 . 0 ] , [ 1 . 0 5 7 0 7 7730 e+00, 4 .635449640 e 0 2 ,
3 . 235099950 e 0 5 , 1 .304162120 e 0 8 ,
2 . 373135460 e 1 2 ,
1 . 554781860 e+03, 3 .054295250 e+01] ) ,
NASA( [ 1 1 70 . 0 , 3 5 00 . 0 ] , [ 2 . 987098140 e+00, 3 .252825410 e 0 2 ,
1 . 462504790 e 0 5 , 2 .941363850 e 0 9 ,
2 . 149608130 e 1 3 ,
2 . 501119010 e+03, 1 .039719090 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
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r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC4H10” ,
atoms = ”C:4 H:10 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 1 . 2 0 8 3 6 7580 e+00, 5 .261370810 e 0 2 ,
3 . 397056400 e 0 5 , 1 .135612940 e 0 8 ,
1 . 532199630 e 1 2 ,
1 . 685372080 e+04, 2 .983849580 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 543553620 e+01, 1 .562725530 e 0 2 ,
3 . 148520000 e 0 6 ,
5 . 944241820 e 1 1 , 5 .329646350 e 1 4 ,
2 . 284552620 e+04,
6 . 024178350 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”CYC5H6” ,
atoms = ”C:5 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 0 20 . 0 ] , [ 6 . 3 2 9 2 2 8670 e+00, 6 .939931830 e 0 2 ,
6 . 826235290 e 0 5 , 3 .639688700 e 0 8 ,
8 . 082746480 e 1 2 , 1 .548669150 e+04,
5 .114758930 e+01] ) ,
NASA( [ 1 0 20 . 0 , 3 5 00 . 0 ] , [ 1 . 701415580 e+00, 3 .790659570 e 0 2 ,
2 . 194952560 e 0 5 , 6 .127065260 e 0 9 ,
6 . 636725180 e 1 3 , 1 .384844010 e+04,
1 .224534510 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C5H8” ,
atoms = ”C:5 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 4 30 . 0 ] , [ 1 . 191835020 e+00, 4 .682765430 e 0 2 ,
3 . 122457630 e 0 5 , 1 .144358110 e 0 8 ,
1 . 826143280 e 1 2 , 6 .900739580 e+03,
1 .620256380 e+01] ) ,
NASA( [ 1 4 30 . 0 , 3 5 00 . 0 ] , [ 8 . 958291590 e+00, 2 .510330020 e 0 2 ,
8 . 436792340 e 0 6 , 8 .199056210 e 1 0 ,
3 .114265110 e 1 4 , 4 .679533000 e+03,
2 . 404396280 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC5H10” ,
atoms = ”C:5 H:10 ” ,
thermo = (
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NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 6 . 8 9 5 5 1 9640 e 0 1 , 5 .466383480 e 0 2 ,
3 . 339106110 e 0 5 , 1 .037514530 e 0 8 ,
1 . 306208820 e 1 2 ,
5 . 970635040 e+03, 3 .038535410 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 119297360 e+01, 2 .825822230 e 0 2 ,
1 . 138638410 e 0 5 , 2 .225264910 e 0 9 ,
1 . 742809930 e 1 3 ,
1 . 024834430 e+04,
3 . 392535330 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C6H6” ,
atoms = ”C:6 H:6 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 5 50 . 0 ] , [ 6 . 3 3 3 6 1 1450 e+00, 6 .939975410 e 0 2 ,
5 . 720049580 e 0 5 , 2 .351614210 e 0 8 ,
3 . 767566980 e 1 2 , 9 .217148600 e+03,
5 .011020660 e+01] ) ,
NASA( [ 1 5 50 . 0 , 3 5 00 . 0 ] , [ 1 . 573658290 e+01, 1 .244441390 e 0 2 ,
2 . 082424680 e 0 6 ,
1 . 905551680 e 1 0 , 5 .609386500 e 1 4 ,
2 .375388370 e+03, 6 . 603809460 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5 .23 ,
we l l depth = 468 .5 ,
po la r = 10.300000000000002 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”MCPTD” ,
atoms = ”C:6 H:8 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 5 40 . 0 ] , [ 6 . 5 2 2 1 9 7740 e+00, 7 .367421570 e 0 2 ,
5 . 672297760 e 0 5 , 2 .194704520 e 0 8 ,
3 . 375255850 e 1 2 , 1 .175519070 e+04,
5 .324898490 e+01] ) ,
NASA( [ 1 5 40 . 0 , 3 5 00 . 0 ] , [ 1 . 141541010 e+01, 2 .708302640 e 0 2 ,
1 . 134194910 e 0 5 , 2 .301578260 e 0 9 ,
1 . 860566750 e 1 3 , 6 .230407480 e+03,
4 . 103474790 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”H” ,
atoms = ”H:1 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 4 90 . 0 ] , [ 2 . 500000000 e+00, 4 . 074551600 e 1 5 ,
5 .985272660 e 1 8 , 3 . 430749820 e 2 1 ,
6 .747757160 e 2 5 , 2 .547162000 e+04,
4 . 601176000 e 0 1 ] ) ,
NASA( [ 1 4 90 . 0 , 3 5 00 . 0 ] , [ 2 . 500000000 e+00, 7 .403362230 e 1 5 ,
5 . 569674160 e 1 8 , 1 .739248760 e 2 1 ,
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1 . 926737090 e 2 5 , 2 .547162000 e+04,
4 . 601176000 e 0 1 ] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ”atom” ,
diam = 2 .05 ,
we l l depth = 145 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”CH3” ,
atoms = ”C:1 H:3 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 2 70 . 0 ] , [ 3 . 533274010 e+00, 3 .614880080 e 0 3 ,
1 .007390680 e 0 6 , 1 . 399585160 e 0 9 ,
3 .340142770 e 1 3 , 1 .630603660 e+04,
2 .101138600 e+00] ) ,
NASA( [ 1 2 70 . 0 , 3 5 00 . 0 ] , [ 2 . 577239740 e+00, 6 .626011640 e 0 3 ,
2 . 549063920 e 0 6 , 4 .673201410 e 1 0 ,
3 . 348676630 e 1 4 , 1 .654886930 e+04,
6 .941959660 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” l i n e a r ” ,
diam = 3 . 8 ,
we l l depth = 144 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 0 . 0 )
)
s p e c i e s (name = ”C2H3” ,
atoms = ”C:2 H:3 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 7 0 0 . 0 ] , [ 2 . 746067080 e+00, 3 .713412760 e 0 3 ,
1 .607362250 e 0 5 , 2 . 128802360 e 0 8 ,
8 .229950020 e 1 2 , 3 .333321480 e+04,
1 .053463750 e+01] ) ,
NASA( [ 7 0 0 . 0 , 3 5 00 . 0 ] , [ 7 . 050942300 e 0 1 , 1 .537611480 e 0 2 ,
8 . 917881780 e 0 6 , 2 .513409050 e 0 9 ,
2 . 705616500 e 1 3 , 3 .361895100 e+04,
1 .965318780 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 4 . 1 ,
we l l depth = 209 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C2H5” ,
atoms = ”C:2 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 7 0 0 . 0 ] , [ 4 . 995018310 e+00, 1 . 050544800 e 0 2 ,
6 .073148340 e 0 5 , 6 . 723729570 e 0 8 ,
2 .498842870 e 1 1 , 1 .264908720 e+04,
2 .761827630 e+00] ) ,
NASA( [ 7 0 0 . 0 , 3 5 00 . 0 ] , [ 1 . 1 0 4 8 9 3580 e+00, 2 .435119130 e 0 2 ,
1 . 396131520 e 0 5 , 3 .898702970 e 0 9 ,
4 . 172851200 e 1 3 , 1 .350307490 e+04,
3 .001469070 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 4.302 ,
we l l depth = 252 .3 ,
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po la r = 0 . 0 ,
r o t r e l a x = 1 . 5 )
)
s p e c i e s (name = ”C3H3” ,
atoms = ”C:3 H:3 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 7 20 . 0 ] , [ 3 . 560397120 e+00, 1 .806494740 e 0 2 ,
1 . 333475690 e 0 5 , 5 .046898890 e 0 9 ,
7 . 522657100 e 1 3 , 4 .001955470 e+04,
5 .806872710 e+00] ) ,
NASA( [ 1 7 20 . 0 , 3 5 00 . 0 ] , [ 1 . 099304710 e+01, 7 .797148520 e 0 4 ,
1 .739573830 e 0 6 , 7 . 958649510 e 1 0 ,
9 .697322070 e 1 4 , 3 .746272310 e+04,
3 . 408227370 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .76 ,
we l l depth = 252.00000000000003 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”CHCHCH3” ,
atoms = ”C:3 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 6 . 105120200 e 0 1 , 2 .845132520 e 0 2 ,
1 . 858194230 e 0 5 , 6 .246713580 e 0 9 ,
8 . 483273680 e 1 3 , 3 .124888780 e+04,
2 .336819760 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 001243730 e+01, 7 .558158020 e 0 3 ,
1 . 170969620 e 0 6 ,
2 . 017948190 e 1 0 , 4 .729879830 e 1 4 ,
2 .786419470 e+04, 2 . 751698320 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .22 ,
we l l depth = 316 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”CH2CHCH2” ,
atoms = ”C:3 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 1 . 457881930 e 0 1 , 3 .222528860 e 0 2 ,
2 . 273142240 e 0 5 , 8 .030943060 e 0 9 ,
1 . 122809750 e 1 2 , 1 .853015130 e+04,
2 .305851680 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 312701120 e+01, 3 .378126310 e 0 3 ,
1 .307879510 e 0 6 , 8 . 725020930 e 1 0 ,
1 .137798570 e 1 3 , 1 .385691100 e+04,
4 . 719857030 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .22 ,
we l l depth = 316 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC3H7” ,
atoms = ”C:3 H:7 ” ,
thermo = (
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NASA( [ 3 0 0 . 0 , 1 6 50 . 0 ] , [ 5 . 401302680 e 0 1 , 3 .445609960 e 0 2 ,
2 . 214939510 e 0 5 , 7 .412640820 e 0 9 ,
1 . 038973070 e 1 2 , 9 .854238420 e+03,
2 .234005920 e+01] ) ,
NASA( [ 1 6 50 . 0 , 3 5 00 . 0 ] , [ 8 . 446929540 e+00, 1 .528810130 e 0 2 ,
4 . 723942130 e 0 6 , 3 .720537690 e 1 0 ,
2 .778253990 e 1 4 , 7 .244994660 e+03,
1 . 976520640 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”IC3H7” ,
atoms = ”C:3 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 6 30 . 0 ] , [ 2 . 737252460 e 0 1 , 3 .548315880 e 0 2 ,
2 . 331434550 e 0 5 , 7 .978814290 e 0 9 ,
1 . 138900660 e 1 2 , 8 .182861900 e+03,
2 .236942230 e+01] ) ,
NASA( [ 1 6 30 . 0 , 3 5 00 . 0 ] , [ 8 . 487797900 e+00, 1 .532592530 e 0 2 ,
4 . 764744170 e 0 6 , 3 .920652630 e 1 0 ,
2 .471115200 e 1 4 , 5 .505074220 e+03,
2 . 127196180 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 4 .81 ,
we l l depth = 303 .4 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”C4H5” ,
atoms = ”C:4 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 2 . 0 1 7 4 2 3070 e 0 1 , 4 .079540660 e 0 2 ,
3 . 070631360 e 0 5 , 1 .126479340 e 0 8 ,
1 . 606851440 e 1 2 , 4 .177883670 e+04,
2 .698576830 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 1 . 901926540 e+01, 1 . 917943850 e 0 3 ,
4 .888145130 e 0 6 , 1 . 918339480 e 0 9 ,
2 .241392370 e 1 3 , 3 .485927400 e+04,
7 . 704233510 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5 .18 ,
we l l depth = 357 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”CH2C3H5” ,
atoms = ”C:4 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 5 30 . 0 ] , [ 3 . 2 9 3 2 9 0510 e 0 1 , 4 .237332210 e 0 2 ,
2 . 851670510 e 0 5 , 1 .019737630 e 0 8 ,
1 . 546396000 e 1 2 , 2 .258811310 e+04,
2 .811561340 e+01] ) ,
NASA( [ 1 5 30 . 0 , 3 5 00 . 0 ] , [ 8 . 459169980 e+00, 1 .939685410 e 0 2 ,
5 . 990756060 e 0 6 , 3 .821479730 e 1 0 ,
5 .739948060 e 1 4 , 1 .989883240 e+04,
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1 . 802127930 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”SC4H7” ,
atoms = ”C:4 H:7 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 4 20 . 0 ] , [ 1 . 1 2 5 5 0 1240 e+00, 4 .648236520 e 0 2 ,
3 . 451245910 e 0 5 , 1 .373819200 e 0 8 ,
2 . 287512730 e 1 2 , 1 .463879780 e+04,
3 .055717110 e+01] ) ,
NASA( [ 1 4 20 . 0 , 3 5 00 . 0 ] , [ 8 . 330177530 e+00, 1 .984665030 e 0 2 ,
6 . 376140620 e 0 6 , 5 .286527710 e 1 0 ,
3 .811037300 e 1 4 , 1 .195338500 e+04,
1 . 837671180 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 4 .65 ,
we l l depth = 355 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC4H9S” ,
atoms = ”C:4 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 8 5 0 . 0 ] , [ 2 . 363364760 e 0 1 , 4 .698379940 e 0 2 ,
3 . 750839370 e 0 5 , 2 .158570940 e 0 8 ,
5 . 979867760 e 1 2 , 5 .200862790 e+03,
2 .528358720 e+01] ) ,
NASA( [ 8 5 0 . 0 , 3 5 00 . 0 ] , [ 3 . 401229250 e+00, 3 .209018640 e 0 2 ,
1 . 122554710 e 0 5 , 9 .717121290 e 1 0 ,
8 .307262510 e 1 4 , 4 .662831020 e+03,
1 .052916400 e+01] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC4H9P” ,
atoms = ”C:4 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 9 5 0 . 0 ] , [ 2 . 7 6 1 8 8 3630 e 0 1 , 4 .941313800 e 0 2 ,
3 . 937927390 e 0 5 , 2 .082219010 e 0 8 ,
5 . 130337780 e 1 2 , 6 .858072730 e+03,
2 .792432940 e+01] ) ,
NASA( [ 9 5 0 . 0 , 3 5 00 . 0 ] , [ 3 . 947630050 e+00, 3 .162863940 e 0 2 ,
1 . 129848670 e 0 5 , 1 .116374520 e 0 9 ,
5 .540315920 e 1 4 , 6 .055547230 e+03,
7 .763500690 e+00] )
) ,
t r anspo r t = ga s t r an spo r t (
geom = ” non l in ea r ” ,
diam = 5 .24 ,
we l l depth = 352 .0 ,
po la r = 0 . 0 ,
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r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”CYC5H5” ,
atoms = ”C:5 H:5 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 7 0 0 . 0 ] , [ 2 . 5 8 7 3 7 4080 e+00, 6 .458175950 e 0 2 ,
9 . 350638140 e 0 5 , 7 .979433250 e 0 8 ,
2 . 774008840 e 1 1 , 3 .003556190 e+04,
3 .094481160 e+01] ) ,
NASA( [ 7 0 0 . 0 , 3 5 00 . 0 ] , [ 4 . 016525750 e+00, 2 .684518910 e 0 2 ,
1 . 264230180 e 0 5 , 2 .780923320 e 0 9 ,
2 . 352994360 e 1 3 , 2 .911101590 e+04,
1 .440257940 e+00] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
s p e c i e s (name = ”NC5H9 3 ” ,
atoms = ”C:5 H:9 ” ,
thermo = (
NASA( [ 3 0 0 . 0 , 1 8 00 . 0 ] , [ 9 . 6 1 3 6 0 6610 e 0 1 , 5 .272583410 e 0 2 ,
3 . 244815860 e 0 5 , 1 .002083170 e 0 8 ,
1 . 247541330 e 1 2 , 1 .104604080 e+04,
3 .055328390 e+01] ) ,
NASA( [ 1 8 00 . 0 , 3 5 00 . 0 ] , [ 9 . 882873900 e+00, 2 .862753500 e 0 2 ,
1 . 236624280 e 0 5 , 2 .583085090 e 0 9 ,
2 . 145209630 e 1 3 , 7 .142116390 e+03,
2 . 813797580 e+01] )
) ,
t r anspor t = ga s t r an spo r t (
geom = ” non l inea r ” ,
diam = 5.200000000000001 ,
we l l depth = 408 .0 ,
po la r = 0 . 0 ,
r o t r e l a x = 1 . 0 )
)
#
# Reaction Data
#
# Reaction 1
f a l l o f f r e a c t i o n ( ”2 CH3 (+M) <=> C2H6 (+M) ” ,
k f = [2 . 50000E+13, 0 . 0 , 0 . 0 ] ,
k f0 = [2 . 33000E+34, 5 . 0 3 , 1 2 0 0 . 0 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .38 , T3 = 73 .0 , T1 = 1180 .0 , T2 = 0 . 0 ) )
# Reaction 2
r e a c t i on ( ”CH2CHCH2 + H <=> AC3H4 + H2” , [ 1 . 81000E+13, 0 . 0 , 0 . 0 ] )
# Reaction 3
f a l l o f f r e a c t i o n ( ”CH2CHCH2 + H (+M) <=> C3H6 (+M) ” ,
k f = [1 . 00000E+14, 0 . 0 , 0 . 0 ] ,
k f0 = [1 . 33000E+60, 1 2 . 0 , 5 9 67 . 8 ] ,
e f f i c i e n c i e s = ”C2H6 : 3 . 0 CH4: 2 . 0 H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 0 .02 , T3 = 1097 .0 , T1 = 10970 .0 , T2 = 6860 .0 ) )
# Reaction 4
f a l l o f f r e a c t i o n ( ”C2H5 + CH3 (+M) <=> C3H8 (+M) ” ,
k f = [9 . 60000E+14, 0 . 5 , 0 . 0 ] ,
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kf0 = [6 . 80000E+61, 1 3 . 4 2 , 6 0 00 . 0 ] ,
e f f i c i e n c i e s = ”” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 1000 .0 , T1 = 1434 .0 , T2 = 5329 .0 ) )
# Reaction 5
r e a c t i on ( ”NC4H8 <=> CH2CHCH2 + CH3” , [ 2 . 00000E+16, 0 . 0 , 7 8 000 . 0 ] )
# Reaction 6
r e a c t i on ( ”C4H5 <=> C2H2 + C2H3” , [ 7 . 50000E+12, 0 . 0 , 4 0 000 . 0 ] )
# Reaction 7
r e a c t i on ( ”C2H2 + C2H4 <=> C4H6” , [ 5 . 00000E+10, 0 . 0 , 2 8 000 . 0 ] )
# Reaction 8
r e a c t i on ( ”C2H3 + CH3 <=> C2H2 + CH4” , [ 1 . 33300E+13, 0 . 0 , 0 . 0 ] )
# Reaction 9
r e a c t i on ( ”C2H5 + SC4H7 => C2H6 + C4H6” , [ 1 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 10
r e a c t i on ( ”C2H2 + C3H6 <=> C2H3 + CH2CHCH2” , [ 4 . 00000E+13, 0 . 0 , 4 6 800 . 0 ] )
# Reaction 11
r e a c t i on ( ”C2H4 + C3H6 <=> C2H5 + CH2CHCH2” , [ 5 . 78000E+13, 0 . 0 , 5 1 600 . 0 ] )
# Reaction 12
r e a c t i on ( ”2 CH2CHCH2 => AC3H4 + C3H6” , [ 2 . 50000E+10, 0 . 0 , 1 5 0 0 . 0 ] )
# Reaction 13
r e a c t i on ( ”C3H3 + CH2CHCH2 => C2H2 + C4H6” , [ 5 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 14
r e a c t i on ( ”CH2CHCH2 + SC4H7 => C3H6 + C4H6” , [ 7 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 15
r e a c t i on ( ”2 SC4H7 => C4H6 + NC4H8” , [ 7 . 00000E+11, 0 . 0 , 0 . 0 ] )
# Reaction 16
f a l l o f f r e a c t i o n ( ”C2H2 + H (+M) <=> C2H3 (+M) ” ,
k f = [1 . 00000E+13, 0 . 0 , 2 7 70 . 0 ] ,
k f0 = [3 . 90000E+16, 0 . 0 , 5 6 0 . 0 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ”
)
# Reaction 17
f a l l o f f r e a c t i o n ( ”C2H4 + H (+M) <=> C2H5 (+M) ” ,
k f = [1 . 77000E+13, 0 . 0 , 2 1 10 . 0 ] ,
k f0 = [4 . 60000E+18, 0 . 0 , 1 0 70 . 0 ] ,
e f f i c i e n c i e s = ”H2 : 2 . 0 ” ,
f a l l o f f = Troe (A = 1 . 0 , T3 = 1e 1 5 , T1 = 95 .0 , T2 = 200 .0 ) )
# Reaction 18
f a l l o f f r e a c t i o n ( ”AC3H4 + H (+M) <=> CH2CHCH2 (+M) ” ,
k f = [1 . 20000E+11, 0 . 69 , 3 0 07 . 0 ] ,
k f0 = [5 . 66000E+33, 5 . 0 , 4 4 48 . 0 ] ,
e f f i c i e n c i e s = ””
)
# Reaction 19
r e a c t i on ( ”CHCHCH3 <=> C2H2 + CH3” , [ 2 . 00000E+13, 0 . 0 , 3 8 000 . 0 ] )
# Reaction 20
r e a c t i on ( ”IC3H7 <=> C3H6 + H” , [ 5 . 00000E+13, 0 . 0 , 4 1 000 . 0 ] )
# Reaction 21
r e a c t i on ( ”IC3H7 <=> NC3H7” , [ 2 . 00000E+12, 0 . 0 , 4 2 000 . 0 ] )
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# Reaction 22
r e a c t i on ( ”NC3H7 <=> C2H4 + CH3” , [ 1 . 00000E+13, 0 . 0 , 3 2 000 . 0 ] )
# Reaction 23
r e a c t i on ( ”NC3H7 <=> C3H6 + H” , [ 1 . 00000E+13, 0 . 0 , 3 9 500 . 0 ] )
# Reaction 24
r e a c t i on ( ”SC4H7 <=> C4H6 + H” , [ 2 . 00000E+14, 0 . 0 , 5 1 000 . 0 ] )
# Reaction 25
r e a c t i on ( ”CH2C3H5 <=> SC4H7” , [ 2 . 50000E+12, 0 . 0 , 3 6 000 . 0 ] )
# Reaction 26
r e a c t i on ( ”CH2C3H5 <=> C2H3 + C2H4” , [ 2 . 50000E+13, 0 . 0 , 3 8 000 . 0 ] )
# Reaction 27
r e a c t i on ( ”CH2C3H5 <=> C4H6 + H” , [ 1 . 00000E+13, 0 . 0 , 3 8 000 . 0 ] )
# Reaction 28
r e a c t i on ( ”2 CH3 <=> C2H5 + H” , [ 1 . 40000E+14, 0 . 0 , 1 4 000 . 0 ] )
# Reaction 29
r e a c t i on ( ”CH3 + CH4 => C2H6 + H” , [ 2 . 50000E+13, 0 . 0 , 3 1 000 . 0 ] )
# Reaction 30
r e a c t i on ( ”C4H6 + CH3 => C2H4 + CH2CHCH2” , [ 1 . 00000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 31
r e a c t i on ( ”C2H2 + C2H5 => CH2C3H5” , [ 3 . 00000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 32
r e a c t i on ( ”C2H5 + C3H6 => 0 .5 C2H4 + 0 .5 CH3 + 0 .5 NC3H7 + 0 .5 NC4H8” , [ 1 . 80000E+11, 0 . 0 ,
7 6 0 0 . 0 ] )
# Reaction 33
r e a c t i on ( ”C2H4 + NC3H7 => C2H5 + C3H6” , [ 2 . 00000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 34
r e a c t i on ( ”C2H4 + IC3H7 => 0 .8 C2H5 + 0 .8 C3H6 + 0 .2 CH3 + 0 .2 NC4H8” , [ 1 . 00000E+11, 0 . 0 ,
7 6 0 0 . 0 ] )
# Reaction 35
r e a c t i on ( ”C3H6 + IC3H7 => C3H6 + NC3H7” , [ 5 . 00000E+10, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 36
r e a c t i on ( ”C3H6 + CH2CHCH2 => 0 .8 C2H4 + 0 .2 C2H5 + 0 .2 C4H6 + 0 .8 CH2C3H5” , [ 3 . 00000E+11,
0 . 0 , 1 8 000 . 0 ] )
# Reaction 37
r e a c t i on ( ”C3H6 + CH2CHCH2 => 0 .7 C2H3 + 0 .3 CH3 + 0 .3 CYC5H6 + 0 .3 H2 + 0 .7 NC4H8” ,
[ 2 . 00000E+11, 0 . 0 , 1 8 000 . 0 ] )
# Reaction 38
r e a c t i on ( ”C2H4 + CHCHCH3 => C4H6 + CH3” , [ 2 . 00000E+11, 0 . 0 , 6 0 0 0 . 0 ] )
# Reaction 39
r e a c t i on ( ”C2H4 + SC4H7 => 0 .15 C2H5 + 0.85 C3H6 + 0.15 C4H6 + 0.85 CH2CHCH2” , [ 2 . 00000E+11,
0 . 0 , 1 3 000 . 0 ] )
# Reaction 40
r e a c t i on ( ”C2H4 + CH2C3H5 => 0 .8 C2H5 + 0 .2 C3H6 + 0 .8 C4H6 + 0 .1 CH2CHCH2 + 0.1 CHCHCH3” ,
[ 3 . 00000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 41
r e a c t i on ( ”C3H6 + CH2C3H5 => C4H6 + NC3H7” , [ 3 . 00000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 42
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r e a c t i on ( ”C2H6 <=> C2H4 + H2” , [ 3 . 00000E+13, 0 . 0 , 7 1 000 . 0 ] )
# Reaction 43
r e a c t i on ( ”C3H6 <=> AC3H4 + H2” , [ 1 . 80000E+13, 0 . 0 , 7 8 000 . 0 ] )
# Reaction 44
r e a c t i on ( ”C3H8 <=> C3H6 + H2” , [ 5 . 00000E+13, 0 . 0 , 7 0 000 . 0 ] )
# Reaction 45
r e a c t i on ( ”NC4H8 <=> C4H6 + H2” , [ 5 . 00000E+13, 0 . 0 , 7 0 000 . 0 ] )
# Reaction 46
r e a c t i on ( ”C2H2 + C4H6 => C6H6 + H2” , [ 1 . 50000E+11, 0 . 0 , 2 2 500 . 0 ] )
# Reaction 47
r e a c t i on ( ”C3H6 + H <=> CH2CHCH2 + H2” , [ 1 . 00000E+07, 2 . 0 , 4 2 0 0 . 0 ] )
# Reaction 48
r e a c t i on ( ”AC3H4 + H <=> C3H3 + H2” , [ 5 . 00000E+07, 2 . 0 , 5 0 0 0 . 0 ] )
# Reaction 49
r e a c t i on ( ”AC3H4 + CH3 <=> C3H3 + CH4” , [ 4 . 00000E+13, 0 . 0 , 1 6 000 . 0 ] )
# Reaction 50
r e a c t i on ( ”CH4 + H <=> CH3 + H2” , [ 3 . 00000E+07, 2 . 0 , 1 0 000 . 0 ] )
# Reaction 51
r e a c t i on ( ”C2H6 + H <=> C2H5 + H2” , [ 1 . 43000E+14, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 52
r e a c t i on ( ”C3H8 + H <=> H2 + NC3H7” , [ 1 . 27000E+14, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 53
r e a c t i on ( ”C3H8 + H <=> H2 + IC3H7” , [ 3 . 20000E+13, 0 . 0 , 7 9 0 0 . 0 ] )
# Reaction 54
r e a c t i on ( ”CYC5H6 <=> CYC5H5 + H” , [ 1 . 50000E+15, 0 . 0 , 8 1 500 . 0 ] )
# Reaction 55
r e a c t i on ( ”AC3H4 + C2H2 <=> CYC5H6” , [ 4 . 00000E+11, 0 . 0 , 2 2 000 . 0 ] )
# Reaction 56
r e a c t i on ( ”CYC5H6 + H => CYC5H5 + H2” , [ 1 . 60000E+15, 0 . 0 , 7 9 2 5 . 0 ] )
# Reaction 57
r e a c t i on ( ”CYC5H5 + H2 => CYC5H6 + H” , [ 1 . 80000E+14, 0 . 0 , 3 0 000 . 0 ] )
# Reaction 58
r e a c t i on ( ”CYC5H5 + CYC5H6 => C4H5 + C6H6” , [ 1 . 20000E+13, 0 . 0 , 2 5 500 . 0 ] )
# Reaction 59
r e a c t i on ( ”CH3 + CYC5H5 => C2H3 + C4H5” , [ 1 . 00000E+12, 0 . 0 , 3 0 0 0 . 0 ] )
# Reaction 60
r e a c t i on ( ”CH3 + CYC5H5 => C2H2 + C4H6” , [ 1 . 50000E+12, 0 . 0 , 3 0 0 0 . 0 ] )
# Reaction 61
r e a c t i on ( ”AC3H4 + C2H3 => CYC5H6 + H” , [ 5 . 00000E+11, 0 . 0 , 3 0 0 0 . 0 ] )
# Reaction 62
r e a c t i on ( ”C2H4 + SC4H7 => CH3 + CYC5H6 + H2” , [ 1 . 50000E+11, 0 . 0 , 1 3 000 . 0 ] )
# Reaction 63
r e a c t i on ( ”CH3 + CYC5H5 => MCPTD” , [ 1 . 00000E+13, 0 . 0 , 3 0 0 0 . 0 ] )
# Reaction 64
r e a c t i on ( ”H + MCPTD => CH3 + CYC5H6” , [ 1 . 50000E+13, 0 . 0 , 2 0 0 0 . 0 ] )
293
B.1. REACTION NETWORK
# Reaction 65
r e a c t i on ( ”CH2CHCH2 + CHCHCH3 => H2 + MCPTD” , [ 6 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 66
r e a c t i on ( ”C2H4 + CYC5H6 => C6H6 + CH3 + H” , [ 3 . 00000E+11, 0 . 0 , 3 0 000 . 0 ] )
# Reaction 67
r e a c t i on ( ”C3H6 + CYC5H6 => C6H6 + 2 CH3” , [ 3 . 00000E+11, 0 . 0 , 3 0 000 . 0 ] )
# Reaction 68
r e a c t i on ( ”C2H3 + C4H6 => 0 .15 C6H6 + 0.85 CH3 + 0.85 CYC5H6 + 0.15 H + 0.15 H2” , [ 2 . 23000E
+07, 1 . 31 , 1 3 7 0 . 0 ] )
# Reaction 69
r e a c t i on ( ”AC3H4 + CH2CHCH2 => C6H6 + H + H2” , [ 2 . 00000E+12, 0 . 0 , 1 6 500 . 0 ] )
# Reaction 70
r e a c t i on ( ”C4H6 + CH2CHCH2 => 0 .7 C2H5 + 0 .3 C6H6 + 0 .3 CH3 + 0 .7 CYC5H6 + 0 .3 H2” , [ 4 . 00000
E+11, 0 . 0 , 1 5 000 . 0 ] )
# Reaction 71
r e a c t i on ( ”C2H4 + C4H5 => C6H6 + H + H2” , [ 3 . 00000E+11, 0 . 0 , 7 0 0 0 . 0 ] )
# Reaction 72
r e a c t i on ( ”C3H6 + SC4H7 => 0 .25 C2H4 + 0 .5 C6H6 + CH3 + 0.5 CYC5H6 + 1 .5 H2” , [ 4 . 00000E+11,
0 . 0 , 1 3 000 . 0 ] )
# Reaction 73
r e a c t i on ( ”C2H3 + CH2CHCH2 => 0 .05 AC3H4 + 0.05 C2H4 + 0.95 C5H8” , [ 5 . 00000E+12, 0 . 0 , 0 . 0 ] )
# Reaction 74
r e a c t i on ( ”C5H8 + H => 0 .2 C2H3 + 0 .3 C2H4 + 0 .2 C3H6 + 0 .5 C4H6 + 0 .5 CH3 + 0 .3 CHCHCH3” ,
[ 3 . 00000E+13, 0 . 0 , 2 0 0 0 . 0 ] )
# Reaction 75
r e a c t i on ( ”C2H3 + C3H6 => 0 .6 C4H6 + 0 .4 C5H8 + 0 .6 CH3 + 0 .4 H” , [ 2 . 50000E+11, 0 . 0 ,
6 0 0 0 . 0 ] )
# Reaction 76
r e a c t i on ( ”C2H3 + C5H8 => C2H5 + CYC5H6” , [ 1 . 00000E+12, 0 . 0 , 3 0 0 0 . 0 ] )
# Reaction 77
r e a c t i on ( ”C2H4 + CH2CHCH2 => 0 .67 C2H3 + 0.67 C3H6 + 0.33 C5H8 + 0.33 H” , [ 1 . 00000E+11,
0 . 0 , 2 2 000 . 0 ] )
# Reaction 78
r e a c t i on ( ”C3H6 + CHCHCH3 => 0 .35 C2H3 + 0 .5 C2H5 + 0 .5 C4H6 + 0.15 C5H8 + 0.15 CH3 + 0.35
NC4H8” , [ 2 . 00000E+11, 0 . 0 , 6 0 0 0 . 0 ] )
# Reaction 79
r e a c t i on ( ”NC4H10 <=> 2 C2H5” , [ 3 . 00000E+16, 0 . 0 , 8 3 000 . 0 ] )
# Reaction 80
r e a c t i on ( ”NC5H10 <=> C2H5 + CH2CHCH2” , [ 1 . 00000E+16, 0 . 0 , 7 2 000 . 0 ] )
# Reaction 81
r e a c t i on ( ”NC5H10 <=> CH3 + SC4H7” , [ 5 . 00000E+16, 0 . 0 , 8 0 000 . 0 ] )
# Reaction 82
r e a c t i on ( ”NC5H9 3 => 0 .65 C4H6 + 0.35 C5H8 + 0.65 CH3 + 0.35 H” , [ 3 . 00000E+13, 0 . 0 ,
3 7 000 . 0 ] )
# Reaction 83
r e a c t i on ( ”NC4H9P <=> C2H4 + C2H5” , [ 2 . 00000E+13, 0 . 0 , 3 0 000 . 0 ] )
# Reaction 84
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r e a c t i on ( ”NC4H9P <=> H + NC4H8” , [ 1 . 50000E+13, 0 . 0 , 3 8 500 . 0 ] )
# Reaction 85
r e a c t i on ( ”NC4H9P <=> NC4H9S” , [ 1 . 00000E+12, 0 . 0 , 3 4 500 . 0 ] )
# Reaction 86
r e a c t i on ( ”NC4H9S <=> C3H6 + CH3” , [ 2 . 50000E+13, 0 . 0 , 3 2 500 . 0 ] )
# Reaction 87
r e a c t i on ( ”NC4H9S <=> H + NC4H8” , [ 3 . 00000E+13, 0 . 0 , 4 0 800 . 0 ] )
# Reaction 88
r e a c t i on ( ”C2H5 + NC4H8 => 0 .55 C2H4 + 0.45 C3H6 + 0.45 NC3H7 + 0.23 NC4H9P + 0.32 NC4H9S” ,
[ 1 . 50000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 89
r e a c t i on ( ”C2H4 + NC4H9P => C3H6 + NC3H7” , [ 1 . 50000E+11, 0 . 0 , 7 6 0 0 . 0 ] )
# Reaction 90
r e a c t i on ( ”NC4H10 <=> H2 + NC4H8” , [ 5 . 00000E+13, 0 . 0 , 7 1 000 . 0 ] )
# Reaction 91
r e a c t i on ( ”H + NC4H10 <=> H2 + NC4H9P” , [ 9 . 50000E+13, 0 . 0 , 1 0 500 . 0 ] )
# Reaction 92
r e a c t i on ( ”H + NC4H10 <=> H2 + NC4H9S” , [ 6 . 35000E+13, 0 . 0 , 7 9 0 0 . 0 ] )
# Reaction 93
r e a c t i on ( ”C2H3 + H2 => C2H4 + H” , [ 9 . 49600E+05, 2 . 0 , 8 4 59 . 7 7 ] )
# Reaction 94
r e a c t i on ( ”C4H5 + H2 => C4H6 + H” , [ 3 . 78000E+05, 2 . 0 , 8 1 48 . 5 4 ] )
# Reaction 95
r e a c t i on ( ”H2 + SC4H7 => H + NC4H8” , [ 4 . 75900E+05, 2 . 0 , 2 0402 . 36 ] )
# Reaction 96
r e a c t i on ( ”CHCHCH3 + H2 => C3H6 + H” , [ 3 . 78000E+05, 2 . 0 , 8172 .650000000001 ] )
# Reaction 97
r e a c t i on ( ”C2H5 + CH4 => C2H6 + CH3” , [ 1 . 60900E+05, 2 . 0 , 1 4621 . 9 9 ] )
# Reaction 98
r e a c t i on ( ”CH2CHCH2 + CH4 => C3H6 + CH3” , [ 1 . 68500E+05, 2 . 0 , 2 3467 . 3 3 ] )
# Reaction 99
r e a c t i on ( ”CH4 + IC3H7 => C3H8 + CH3” , [ 9 . 47300E+04, 2 . 0 , 1 5 859 . 8 ] )
# Reaction 100
r e a c t i on ( ”C2H3 + CH4 => C2H4 + CH3” , [ 4 . 74800E+05, 2 . 0 , 1 1 093 . 6 ] )
# Reaction 101
r e a c t i on ( ”C4H5 + CH4 => C4H6 + CH3” , [ 1 . 89000E+05, 2 . 0 , 1 0760 . 3 4 ] )
# Reaction 102
r e a c t i on ( ”C2H4 + H => C2H3 + H2” , [ 1 . 92500E+07, 2 . 0 , 1 0409 . 77 ] )
# Reaction 103
r e a c t i on ( ”C2H4 + CH3 => C2H3 + CH4” , [ 3 . 12200E+05, 2 . 0 , 1 1 393 . 6 ] )
# Reaction 104
r e a c t i on ( ”C2H4 + C2H5 => C2H3 + C2H6” , [ 1 . 83900E+05, 2 . 0 , 1 4929 . 22 ] )
# Reaction 105
r e a c t i on ( ”C2H4 + CH2CHCH2 => C2H3 + C3H6” , [ 1 . 92500E+05, 2 . 0 , 2 3823 . 28 ] )
# Reaction 106
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r e a c t i on ( ”C2H6 + CH3 => C2H5 + CH4” , [ 3 . 51300E+05, 2 . 0 , 7 6 21 . 9 9 ] )
# Reaction 107
r e a c t i on ( ”C2H6 + CH2CHCH2 => C2H5 + C3H6” , [ 2 . 16600E+05, 2 . 0 , 1 8508 . 07 ] )
# Reaction 108
r e a c t i on ( ”C2H6 + IC3H7 => C2H5 + C3H8” , [ 1 . 21800E+05, 2 . 0 , 1 1458 . 07 ] )
# Reaction 109
r e a c t i on ( ”C2H3 + C2H6 => C2H4 + C2H5” , [ 6 . 10500E+05, 2 . 0 , 7 6 29 . 2 2 ] )
# Reaction 110
r e a c t i on ( ”C2H6 + C4H5 => C2H5 + C4H6” , [ 2 . 43000E+05, 2 . 0 , 7 3 29 . 2 2 ] )
# Reaction 111
r e a c t i on ( ”C3H6 + CH3 => CH2CHCH2 + CH4” , [ 1 . 17100E+05, 2 . 0 , 5 6 17 . 3 3 ] )
# Reaction 112
r e a c t i on ( ”C2H5 + C3H6 => C2H6 + CH2CHCH2” , [ 6 . 89500E+04, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 113
r e a c t i on ( ”C3H6 + IC3H7 => C3H8 + CH2CHCH2” , [ 4 . 06000E+04, 2 . 0 , 8071 .389999999999 ] )
# Reaction 114
r e a c t i on ( ”C2H3 + C3H6 => C2H4 + CH2CHCH2” , [ 2 . 03500E+05, 2 . 0 , 5 6 73 . 2 8 ] )
# Reaction 115
r e a c t i on ( ”C3H3 + C3H6 => AC3H4 + CH2CHCH2” , [ 8 . 10100E+04, 2 . 0 , 1 5532 . 56 ] )
# Reaction 116
r e a c t i on ( ”C3H6 + C4H5 => C4H6 + CH2CHCH2” , [ 8 . 10100E+04, 2 . 0 , 5 3 96 . 5 6 ] )
# Reaction 117
r e a c t i on ( ”C3H6 + SC4H7 => CH2CHCH2 + NC4H8” , [ 1 . 02000E+05, 2 . 0 , 1 4731 . 12 ] )
# Reaction 118
r e a c t i on ( ”C3H6 + CHCHCH3 => C3H6 + CH2CHCH2” , [ 8 . 10100E+04, 2 . 0 , 5 3 40 . 6 1 ] )
# Reaction 119
r e a c t i on ( ”C3H6 + NC4H9S => CH2CHCH2 + NC4H10” , [ 4 . 45200E+04, 2 . 0 , 7 3 22 . 7 3 ] )
# Reaction 120
r e a c t i on ( ”C3H6 + H => CHCHCH3 + H2” , [ 1 . 05300E+07, 2 . 0 , 1 0122 . 65 ] )
# Reaction 121
r e a c t i on ( ”C3H6 + CH3 => CH4 + CHCHCH3” , [ 1 . 70800E+05, 2 . 0 , 1 1075 . 95 ] )
# Reaction 122
r e a c t i on ( ”C2H5 + C3H6 => C2H6 + CHCHCH3” , [ 1 . 00600E+05, 2 . 0 , 1 4621 . 99 ] )
# Reaction 123
r e a c t i on ( ”C3H6 + CH2CHCH2 => C3H6 + CHCHCH3” , [ 1 . 05300E+05, 2 . 0 , 2 3490 . 61 ] )
# Reaction 124
r e a c t i on ( ”C2H3 + C3H6 => C2H4 + CHCHCH3” , [ 2 . 96700E+05, 2 . 0 , 1 1057 . 84 ] )
# Reaction 125
r e a c t i on ( ”C3H8 + CH3 => CH4 + NC3H7” , [ 3 . 12200E+05, 2 . 0 , 7 5 15 . 6 7 ] )
# Reaction 126
r e a c t i on ( ”C2H5 + C3H8 => C2H6 + NC3H7” , [ 1 . 83900E+05, 2 . 0 , 1 0525 . 57 ] )
# Reaction 127
r e a c t i on ( ”C3H8 + CH2CHCH2 => C3H6 + NC3H7” , [ 1 . 92500E+05, 2 . 0 , 1 8 582 . 5 ] )
# Reaction 128
r e a c t i on ( ”C2H3 + C3H8 => C2H4 + NC3H7” , [ 5 . 42600E+05, 2 . 0 , 7 5 14 . 9 3 ] )
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# Reaction 129
r e a c t i on ( ”C3H8 + CH3 => CH4 + IC3H7” , [ 7 . 80600E+04, 2 . 0 , 5 0 5 9 . 8 ] )
# Reaction 130
r e a c t i on ( ”C2H5 + C3H8 => C2H6 + IC3H7” , [ 4 . 59700E+04, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 131
r e a c t i on ( ”C3H8 + CH2CHCH2 => C3H6 + IC3H7” , [ 4 . 81300E+04, 2 . 0 , 1 5121 . 39 ] )
# Reaction 132
r e a c t i on ( ”C4H6 + H => C4H5 + H2” , [ 5 . 77600E+07, 2 . 0 , 1 0398 . 54 ] )
# Reaction 133
r e a c t i on ( ”C4H6 + CH3 => C4H5 + CH4” , [ 9 . 36700E+05, 2 . 0 , 1 1360 . 3 4 ] )
# Reaction 134
r e a c t i on ( ”C2H5 + C4H6 => C2H6 + C4H5” , [ 5 . 51600E+05, 2 . 0 , 1 4929 . 22 ] )
# Reaction 135
r e a c t i on ( ”C2H3 + C4H6 => C2H4 + C4H5” , [ 1 . 62800E+06, 2 . 0 , 1 1342 . 23 ] )
# Reaction 136
r e a c t i on ( ”H + NC4H8 => H2 + SC4H7” , [ 1 . 20300E+07, 2 . 0 , 4 2 02 . 3 6 ] )
# Reaction 137
r e a c t i on ( ”CH3 + NC4H8 => CH4 + SC4H7” , [ 1 . 95200E+05, 2 . 0 , 5 6 17 . 3 3 ] )
# Reaction 138
r e a c t i on ( ”C2H5 + NC4H8 => C2H6 + SC4H7” , [ 1 . 14900E+05, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 139
r e a c t i on ( ”CH2CHCH2 + NC4H8 => C3H6 + SC4H7” , [ 1 . 20300E+05, 2 . 0 , 1 4731 . 12 ] )
# Reaction 140
r e a c t i on ( ”C2H3 + NC4H8 => C2H4 + SC4H7” , [ 3 . 39100E+05, 2 . 0 , 5 6 73 . 2 8 ] )
# Reaction 141
r e a c t i on ( ”H + NC4H8 => CH2C3H5 + H2” , [ 7 . 22000E+06, 2 . 0 , 6 5 25 . 5 7 ] )
# Reaction 142
r e a c t i on ( ”CH3 + NC4H8 => CH2C3H5 + CH4” , [ 1 . 17100E+05, 2 . 0 , 7 5 25 . 5 7 ] )
# Reaction 143
r e a c t i on ( ”C2H5 + NC4H8 => C2H6 + CH2C3H5” , [ 6 . 89500E+04, 2 . 0 , 1 0525 . 57 ] )
# Reaction 144
r e a c t i on ( ”CH2CHCH2 + NC4H8 => C3H6 + CH2C3H5” , [ 7 . 22000E+04, 2 . 0 , 1 8575 . 57 ] )
# Reaction 145
r e a c t i on ( ”C2H3 + NC4H8 => C2H4 + CH2C3H5” , [ 2 . 03500E+05, 2 . 0 , 7 5 25 . 5 7 ] )
# Reaction 146
r e a c t i on ( ”CH3 + CYC5H6 => CH4 + CYC5H5” , [ 3 . 90300E+05, 2 . 0 , 4 8 71 . 2 9 ] )
# Reaction 147
r e a c t i on ( ”C2H5 + CYC5H6 => C2H6 + CYC5H5” , [ 2 . 29800E+05, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 148
r e a c t i on ( ”CH2CHCH2 + CYC5H6 => C3H6 + CYC5H5” , [ 2 . 40700E+05, 2 . 0 , 1 5253 . 34 ] )
# Reaction 149
r e a c t i on ( ”C2H3 + CYC5H6 => C2H4 + CYC5H5” , [ 6 . 78300E+05, 2 . 0 , 4 8 71 . 2 9 ] )
# Reaction 150
r e a c t i on ( ”H + MCPTD => C6H6 + H + H2” , [ 2 . 40700E+07, 2 . 0 , 2 6 63 . 0 7 ] )
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# Reaction 151
r e a c t i on ( ”CH3 + MCPTD => C6H6 + CH4 + H” , [ 3 . 90300E+05, 2 . 0 , 3 5 44 . 1 6 ] )
# Reaction 152
r e a c t i on ( ”C2H5 + MCPTD => C2H6 + C6H6 + H” , [ 2 . 29800E+05, 2 . 0 , 6 2 24 . 3 3 ] )
# Reaction 153
r e a c t i on ( ”CH2CHCH2 + MCPTD => C3H6 + C6H6 + H” , [ 2 . 40700E+05, 2 . 0 , 1 3592 . 23 ] )
# Reaction 154
r e a c t i on ( ”C2H3 + MCPTD => C2H4 + C6H6 + H” , [ 6 . 78300E+05, 2 . 0 , 3 5 44 . 1 6 ] )
# Reaction 155
r e a c t i on ( ”H + NC5H10 => H2 + NC5H9 3 ” , [ 1 . 92500E+07, 2 . 0 , 3950 .5699999999997 ] )
# Reaction 156
r e a c t i on ( ”CH3 + NC5H10 => CH4 + NC5H9 3 ” , [ 3 . 12200E+05, 2 . 0 , 4 8 71 . 2 9 ] )
# Reaction 157
r e a c t i on ( ”C2H5 + NC5H10 => C2H6 + NC5H9 3 ” , [ 1 . 83900E+05, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 158
r e a c t i on ( ”CH2CHCH2 + NC5H10 => C3H6 + NC5H9 3 ” , [ 1 . 92500E+05, 2 . 0 , 1 5253 . 34 ] )
# Reaction 159
r e a c t i on ( ”CH3 + NC4H10 => CH4 + NC4H9P” , [ 2 . 34200E+05, 2 . 0 , 7 5 45 . 2 3 ] )
# Reaction 160
r e a c t i on ( ”C2H5 + NC4H10 => C2H6 + NC4H9P” , [ 1 . 37900E+05, 2 . 0 , 1 0525 . 57 ] )
# Reaction 161
r e a c t i on ( ”CH2CHCH2 + NC4H10 => C3H6 + NC4H9P” , [ 1 . 44400E+05, 2 . 0 , 1 8561 . 81 ] )
# Reaction 162
r e a c t i on ( ”NC3H7 + NC4H10 => C3H8 + NC4H9P” , [ 8 . 12000E+04, 2 . 0 , 9 4 25 . 5 7 ] )
# Reaction 163
r e a c t i on ( ”IC3H7 + NC4H10 => C3H8 + NC4H9P” , [ 8 . 12000E+04, 2 . 0 , 11511 .809999999998 ] )
# Reaction 164
r e a c t i on ( ”C2H3 + NC4H10 => C2H4 + NC4H9P” , [ 4 . 07000E+05, 2 . 0 , 7 5 4 6 . 7 ] )
# Reaction 165
r e a c t i on ( ”C3H3 + NC4H10 => AC3H4 + NC4H9P” , [ 1 . 62000E+05, 2 . 0 , 1 8 046 . 7 ] )
# Reaction 166
r e a c t i on ( ”C4H5 + NC4H10 => C4H6 + NC4H9P” , [ 1 . 62000E+05, 2 . 0 , 7 2 4 6 . 7 ] )
# Reaction 167
r e a c t i on ( ”NC4H10 + SC4H7 => NC4H8 + NC4H9P” , [ 2 . 04000E+05, 2 . 0 , 1 8561 . 81 ] )
# Reaction 168
r e a c t i on ( ”CHCHCH3 + NC4H10 => C3H6 + NC4H9P” , [ 1 . 62000E+05, 2 . 0 , 7 2 45 . 2 3 ] )
# Reaction 169
r e a c t i on ( ”CH2C3H5 + NC4H10 => NC4H8 + NC4H9P” , [ 8 . 12000E+04, 2 . 0 , 9 5 25 . 5 7 ] )
# Reaction 170
r e a c t i on ( ”NC4H10 + NC4H9S => NC4H10 + NC4H9P” , [ 8 . 90400E+04, 2 . 0 , 1 0711 . 81 ] )
# Reaction 171
r e a c t i on ( ”CH3 + NC4H10 => CH4 + NC4H9S” , [ 1 . 56100E+05, 2 . 0 , 4 9 86 . 4 6 ] )
# Reaction 172
r e a c t i on ( ”C2H5 + NC4H10 => C2H6 + NC4H9S” , [ 9 . 19300E+04, 2 . 0 , 7 6 58 . 0 7 ] )
# Reaction 173
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r e a c t i on ( ”CH2CHCH2 + NC4H10 => C3H6 + NC4H9S” , [ 9 . 62700E+04, 2 . 0 , 1 5172 . 73 ] )
# Reaction 174
r e a c t i on ( ”NC3H7 + NC4H10 => C3H8 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 6 6 3 2 . 5 ] )
# Reaction 175
r e a c t i on ( ”IC3H7 + NC4H10 => C3H8 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 8 5 12 . 9 9 ] )
# Reaction 176
r e a c t i on ( ”C2H3 + NC4H10 => C2H4 + NC4H9S” , [ 2 . 71300E+05, 2 . 0 , 4 9 9 5 . 1 ] )
# Reaction 177
r e a c t i on ( ”C3H3 + NC4H10 => AC3H4 + NC4H9S” , [ 1 . 08000E+05, 2 . 0 , 14854 .389999999998 ] )
# Reaction 178
r e a c t i on ( ”C4H5 + NC4H10 => C4H6 + NC4H9S” , [ 1 . 08000E+05, 2 . 0 , 4 7 18 . 3 9 ] )
# Reaction 179
r e a c t i on ( ”NC4H10 + SC4H7 => NC4H8 + NC4H9S” , [ 1 . 36000E+05, 2 . 0 , 1 5172 . 73 ] )
# Reaction 180
r e a c t i on ( ”CHCHCH3 + NC4H10 => C3H6 + NC4H9S” , [ 1 . 08000E+05, 2 . 0 , 4 7 09 . 7 5 ] )
# Reaction 181
r e a c t i on ( ”CH2C3H5 + NC4H10 => NC4H8 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 6 7 25 . 5 7 ] )
# Reaction 182
r e a c t i on ( ”NC4H10 + NC4H9P => NC4H10 + NC4H9S” , [ 5 . 41300E+04, 2 . 0 , 6 9 11 . 8 1 ] )
299
Appendix C
Statistics
This appendix aims at giving more information about Gaussian process. Some of the statis-
tical background required for is explained here. More information about Gaussian process
and can be found in [216].
C.1 Conditional Probabilities
Lets consider a set of variables y = y1...yn. The probability that each variable of y falls in any
particular range or discrete set of values is called the joint probability and is noted p(y). An
example of joint probability for 2 variables y1 and y2 is represented in Fig. C.1.1. Variables
in y can be partitioned into two distinct groups yA and yB. In this case: p(y) = p(yA,yB).
The marginal probability of yA is given by:
p(yA) =
∫
p(yA,yB) dyB (C.1.1)
The groups A and B are said to be independent if the joint distribution is equal to the
product of the marginals, i.e. if p(y) = p(yA)× p(yB). Otherwise, the groups are said to be
dependent.
The conditional probability function is deﬁned as:
p(yA|yB) =
p(yA,yB)
p(yB)
(C.1.2)
Which represents the probability of A knowing B. By deﬁnition, p(yA) and p(yA|yB)
are equal if yA and yB are independent.
From equation C.1.2, the Baye’s theorem is obtained:
p(yA|yB) =
p(yA)p(yB|yA)
p(yB)
(C.1.3)
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y1
<latexit sha1_base64="TWTWksICFZ745/1RSWVYcTvbjF0="></latexit><latexit sha1_base64="TWTWksICFZ745/1RSWVYcTvbjF0="></latexit><latexit sha1_base64="TWTWksICFZ745/1RSWVYcTvbjF0="></latexit><latexit sha1_base64="TWTWksICFZ745/1RSWVYcTvbjF0="></latexit>
y2
<latexit sha1_base64="PMzjVv69LvSjpzg7OvJ4C/Yxx+0="></latexit><latexit sha1_base64="PMzjVv69LvSjpzg7OvJ4C/Yxx+0="></latexit><latexit sha1_base64="PMzjVv69LvSjpzg7OvJ4C/Yxx+0="></latexit><latexit sha1_base64="PMzjVv69LvSjpzg7OvJ4C/Yxx+0="></latexit>
p(y1)
<latexit sha1_base64="uftHeSdhF01vFES04/QNC+R+m68="></latexit><latexit sha1_base64="uftHeSdhF01vFES04/QNC+R+m68="></latexit><latexit sha1_base64="uftHeSdhF01vFES04/QNC+R+m68="></latexit><latexit sha1_base64="uftHeSdhF01vFES04/QNC+R+m68="></latexit>
p(y2)
<latexit sha1_base64="S0OejGXD2dv3JgzRphSUAtMbkrM="></latexit><latexit sha1_base64="S0OejGXD2dv3JgzRphSUAtMbkrM="></latexit><latexit sha1_base64="S0OejGXD2dv3JgzRphSUAtMbkrM="></latexit><latexit sha1_base64="S0OejGXD2dv3JgzRphSUAtMbkrM="></latexit>
p(y)
<latexit sha1_base64="ZeaahDpfUyGz9UFoYYFcXDyFBdI="></latexit><latexit sha1_base64="ZeaahDpfUyGz9UFoYYFcXDyFBdI="></latexit><latexit sha1_base64="ZeaahDpfUyGz9UFoYYFcXDyFBdI="></latexit><latexit sha1_base64="ZeaahDpfUyGz9UFoYYFcXDyFBdI="></latexit>
Figure C.1.1: Example of joint probability distribution for a set of 2 variables y1 and y2.
Source: [226]
C.2 Gaussian Identities
We considere a Gaussian distribution:
y ∼ GP(m,Σ) (C.2.1)
where m is the mean vector and Σ is the covariance matrix. y and m are of size D and
Σ is of size D ×D. Then, by deﬁnition, the multivariate Gaussian distribution has a joint
probability density equal to:
p(y|m,Σ) =
exp
(
−1
2
(y−m)TΣ−1(y−m)
)
(2π)D/2|Σ|1/2 (C.2.2)
Let’s consider x and y jointly Gaussian random vectors:[
x
y
]
∼ GP
([
µx
µy
]
,
[
A C
CT B
])
(C.2.3)
Then, the conditional distribution of x given y is:
x|y ∼ GP(µx + CB−1(y− µy), A− CB−1CT ) (C.2.4)
and equivalently the conditional distribution of y given x is:
y|x ∼ GP(µy + CTA−1(x− µx), B − CTA−1C) (C.2.5)
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Given the symmetry properties of Gaussian distribution, the average and most probable
value of y given x corresponds to the mean of the distribution.
C.3 Gaussian Process
A Gaussian process is deﬁned by Rasmussen and Williams [216] as ”a collection of random
variables, any ﬁnite number of which have a joint Gaussian distribution”. Like any Gaussian
distribution, the Gaussian process is deﬁned by its mean function m(x) and its covariance
function k(x,x′). The Gaussian process is written in this section as:
f(x) ∼ GP(m(x), k(x,x′)) (C.3.1)
Then, the function values f = f(x1), ..., f(xn) corresponding to any ﬁnite set of input
points are jointly Gaussian distributions.
The prior distribution of a Gaussian process is the probability for the process to have a
value f for a set of variables X, without any observations. It is noted p(f|X). Under the
Gaussian process model, the prior is Gaussian, so f|X ∼ GP(0, K) and from Eq. C.2.2:
log p(f|X) = −1
2
fTK−1f− 1
2
log|K|−n
2
log(2π) (C.3.2)
Note that the prior function does not depends on any observations set y, but only on the
Gaussian process properties (covariance matrix) ﬁxed a priori. From Eq. C.3.2, it is possible
to plot random functions as represented on Fig. C.3.1.
Figure C.3.1: Examples of three functions drawn at random from a prior distribution.
Source: [216]
A major interest of Gaussian process is to include some observation data y to the prior
in order to restrict the prior distribution and draw functions representative a particular
studied underlying function. Those Gaussian distributions restricted by observations are
called posterior distributions. Considering a set of known (or observed) function values f
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corresponding to an input set X, the unknown distributions f∗ corresponding to X∗, the
problem can be expressed:[
f
f∗
]
∼ GP
(
0,
[
K(X,X) K(X,X∗)
K(X∗, X) K(X∗, X∗)
])
(C.3.3)
and from Eq. C.2.5:
f∗|X∗, X, f ∼ GP(K(X∗, X)K(X,X)−1f, K(X∗, X∗)−K(X∗, X)K(X,X)−1K(X,X∗))
(C.3.4)
Finally, observations of the output function usually does not provide information about
the Gaussian functions themselves, and it is often considered that observations y made for
a particular input parameter set X correspond a noisy evaluation: y = f + ǫ, ǫ being a
Gaussian noise with zero mean and variance σ2. In this case, the problem becomes:[
y
f∗
]
∼ GP
(
0,
[
K(X,X) + σ2I K(X,X∗)
K(X∗, X) K(X∗, X∗)
])
(C.3.5)
C.4 Likelihood and Marginal Likelihood
The likelihood of a Gaussian distribution is the probability of the a speciﬁc observed data
given the model parameters (in the case of Gaussian process, given the parameters of the
covariance function). It is expressed as:
p(y|f, X) = 1
2πσ2n
n/2
exp
(
− 1
2σ2n|y− f|2
)
= GP(f, σ2nI) (C.4.1)
where |z| denotes the Euclidean length of vector z.
The marginal likelihood p(y|X), also called evidence, is the probability of a set of obser-
vations y given the corresponding parameters X. From Eq. C.1.1, it is the integral of the
likelihood times the prior over all distribution functions f:
p(y|X) =
∫
p(y|f, X)p(f|X)df (C.4.2)
Similarly to the likelihood (Eq. C.3.2), it is easier to compute the log of the marginal
likelihood function, which is expressed as:
log p(y|X) = −1
2
yT (K + σ2I)−1y− 1
2
log|K + σ2I|−n
2
log(2π) (C.4.3)
It should be noted that the marginal likelihood depends only on the observations y and on
the selected parameters of the covariance function. Since the marginal likelihood represents
the probability of the predicted output y as a function of the selected covariance function,
it is used for the determination of the most adapted parameters of the covariance function:
a maximization of Eq. C.4.3 as a function of the covariance function parameters is usually
performed using an optimization algorithm.
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